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ABSTRACT 
 
 
A set of proof-of-concept in-situ synthesis of polyoxometalate-containing 
compounds is presented in this dissertation showing that room-temperature 
electrochemical crystal growth is a promising technique for the exploratory synthesis 
of new materials with functional architectures. Most polyoxometalate(POM)-based 
crystalline materials, if not all, have been synthesized via conventional 
hydrothermal/solvothermal methods. However, the high temperature and pressure 
required by these methods proves destructive towards thermally sensitive POM anions, 
resulting in greater uncertainty of the synthesis of crystalline materials based upon these 
plenary POM structures. We have explored a new approach for the “bench-top” 
synthesis of POM-containing materials at ambient conditions by employing 
electrochemical (e-chem) energy as a driving force for new compound formation. We 
have demonstrated that the e-chem approach allows for convenient synthesis of POM-
containing compounds in aqueous solution without using any specialized reaction 
container. Compared to conventional hydrothermal/solvothermal synthesis, the new 
approach offers additional benefits especially towards the synthesis of POM materials 
that are otherwise subject to thermal decomposition. Furthermore, using e- chem 
methods for crystal growth facilitates a means for the selective synthesis of compounds 
with desired frameworks for electrical conductivity. We have had some success with e-
chem crystal growth in which newly discovered compounds exhibit fascinating 
structures such as one-dimensional (1D), alternating POM anion and transition metal 
(M) cations, and two-dimensional (2D) frameworks featuring tethered POM clusters on 
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metal-oxide chains. In addition to the use of X-ray diffraction methods to investigate 
crystal structures, we have employed TGA/DSC (Thermogravimetric Analysis/ 
Differential Scanning Calorimetry) methods to examine the thermal behaviors of new 
compounds, and XPS (X-ray Photoelectron Spectroscopy) to determine the oxidation 
states of the metal cations and etc. Inspired by previous work, an electrochemical 
synthetic system for the design of POM-based complex metal oxides has been adapted 
to explore organic-inorganic hybrid materials. This represents a key step in adaptation 
of the mild reaction system for use in the synthesis of polyoxometalate-organic-
frameworks (POMOFs), a class of compounds previously dominated by synthesis via 
conventional hydrothermal or solvothermal methods, and more recently, ionothermal 
methods. Applications of such materials include use in lithium ion batteries owing to 
the multi- electron reduction of polyoxometalate clusters and tunability of pores 
allowing lithiation. Interestingly, the emerging electrochemical synthetic method 
enables synthesis of many micrometer scale single crystals and does not require a 
polymer matrix, differing from previous reports of electrodeposition used to grow thin 
film organic-inorganic hybrids. Most notably, conventional hydrothermal techniques 
prove destructive to POM anions with low thermal stability, precluding synthesis or 
creating reliance upon self-assembly of POM anions. This bench top, one-pot reaction 
system allows control of potential or current density, temperature, concentration, pH, 
timescale, and electrode material resulting in potential for enhanced tunability. 
Furthermore, the electrochemical pathway utilized allows greater selectivity for the 
synthesis of conductive materials. 
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CHAPTER ONE 
Introduction 
Polyoxometalate Chemistry 
Polyoxometalate (POM) was discovered in 1826, the first example being an ammonium 
phosphomolybdate (NH4)3PMo12O40 salt that contains the [PMo12O40]3− anion.1In 1892, 
Blomstrand and Alfred Werner successively proposed the molecular structure based 
on  phosphomolybdic acid and silicotungstic acid. Blomstrand first proposed 
phosphomolybdic acid is conformed in a chain or ring configuration.2 Subsequently, Alfred 
Werner was inspired by coordination compounds ideas of Copaux and thus assumed that 
silicotungstic acid possesses a central group, [SiO4]4− ion, which is enclosed and linked by 
four [RW2O6]+ and two R2W2O7 groups (R= unipositive ion) with primary and secondary 
valences, respectively.3 (The term “primary valence” refers, in a coordination compound, 
to the number of negative ions needed to satisfy the charge on the central metal ion, while 
“secondary valence” the number of ions or molecules that are coordinated to the central 
metal ion, i.e., its coordination number.) Thirty-six years later, in 1928, Linus Pauling 
proposed that the α-Keggin anion consists of a central group, [Xn+O4]n−8 where X= Si, P, 
As, Ge etc., with tetrahedral geometry and is caged by twelve WO6 moieties in octahedral 
geometry. Although the proposed structure was able to explain some characteristics of α-
Keggin anions, such as the basicity of  α-Keggin-based alkali metal salts, it was still not 
impeccable due to its inability to rationalize the structure of dehydrated acids.4 Afterwards, 
a similar structure containing phosphotungstate anion, [PW12O40]3−, was reported in 1934. 
These anions are later known as -Keggin anion named after James Fargher Keggin who 
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first determined its structure using an X-ray diffraction method in 1934. This discovery 
opened up the research of polyoxometalate chemistry and more structures made of this type 
of multinuclear transition metal oxide clusters were found such as Lindqvist 
hexamolybdate (Mo6O192-), Decavanadate (V10O286-), Dawson structure (X2M18O62n-), 
Paratungstate B (H2W12O4210-), Mo36-polymolybdate (Mo36O112(H2O)168-), Strandberg 
structure (HP2Mo5O234-), Anderson structure (XM6O24n-), Allman–Waugh structure 
(XM9O32n-), Weakley–Yamase structure (XM10O36n-) and Dexter–Silverton structure 
(XM12O42n-)5 and so on (see Figure 1.1). Typical polyoxometalate frameworks are made of 
fused transition-metal (M) oxide, MOx, polyhedral units. The coordination numbers (x) for 
MOx are normally 4, 5, and 7. The MOx polyhedral units are fused by shared edges or 
vertex oxygens.6 The most common POM unit consists of early transition metals such as 
MoVI, WVI, VV and so on with a  coordination number of 5 or 6. Apart from pristine POM 
anions such as Decavanadate and Lindqvist structures, many other POM anions are 
centered with heteroatoms with different coordination numbers and geometries, which has 
significant impact on the redox and electrochemical properties. For instance, Coronin and 
co-works found that the kinetic process of a reversible single-crystal to single-crystal (SC-
SC) redox transformation is controlled by heteroatom cluster template.7 Also, Barteau and 
co-workers investigated the effect of heteroatoms on the redox potential of α-Keggin based 
materials, finding that the one-electron reduction potentials are decreased with a decrease 
in the oxidation state of the heteroatom for Keggin-type heteropolyanions.8 Himeno and 
Takamoto pointed out that the surface charge density of the heteropolyanions with different 
heteroatoms gives rise to9 diverse properties of POMs as well as their structures. The 
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common heteroatoms are main-group elements such as Si, P, S, etc. Some transition metals 
have also been found as heteroatoms, such as V, Al, Ce.10 The properties of POMs have 
attracted much interest during the past years and a large domain of applications of POM-
containing materials have been reported. Since the structures of these multinuclear anions 
exhibit M=O bonds pointing away from the center of the cluster, POM clusters possess 
rich redox chemistry through these oxygen atoms on the periphery. Polyoxometalate anions 
can accept electrons due to unoccupied d orbitals of the respective transition metal ions at 
the LUMO (lowest unoccupied molecular orbitals).11 Therefore, polyoxometalate anions 
can be regarded as a Lewis acid, as well as a base, under conditions enticing redox 
reactions.10 However, it should be noted that the properties of polyoxometalate anions are 
also impacted by the counter cations, which commonly are H+, Na+, Rb+, K+, Cs+, NH4+ 
etc. Because of the rich redox chemistry of polyoxometalate anions, the application areas 
of these POM-containing materials are mainly focused on (redox) catalysis, lithium-ion 
battery, medicine, and magnetochemistry.13  Due to the inherent properties of POMs such 
as tunable acidity, redox chemistry, resistance to oxidative decomposition, high thermal 
stability, etc., selected POM and POM-containing solids are pursued especially in 
applications of technological importance, such as catalysis, battery and medicinal 
applications. For example, POMs are utilized to catalyze hydration of propene, 
polymerization of tetrahydrofuran, amination of ketones to imines, oxidation of 
isobutyraldehyde and so on. POMs are versatilely applied for different types of catalysts 
due to the various active sites that POMs possess, including oxygen atoms, transition 
metals and surface protons. The latter can play the role of Bronsted acids to promote acid-  
- 4 - 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 The various types of polyoxometalate structures12 
 
 
 
 
- 5 - 
 
catalyzed reactions while the oxygen atoms can act as the active sites for base-catalyzed 
reactions. The transition metals of POM catalysts have attracted the most attention because 
they are active sites in all oxidative reactions and some acid-catalyzed reactions. Most 
POMs employed in oxidative reactions such as POM-catalyzed water oxidation and light 
alkanes oxidation are polyoxomolybdate- and polyoxotungstate-containing materials 
where Mo/W atoms can be reduced.14, 15 In some cases such as Lewis acid-catalyzed 
reactions, one or two Mo/W atoms of the native structure can be substituted by different 
transition metal atoms such as V, Fe, Ru, Os, for an enhanced catalytic reaction.16, 17 These 
substituted transition metal atoms act as preferential active sites of catalysis resulting in 
the formation of Lewis-acid activity.18, 19 Furthermore, stability of POM catalysts including 
thermal stability and hydrolytic stability have been investigated since they have significant 
impacts on the performance and recyclability of the catalyst. Most Keggin-type based 
materials have good thermal stability until 600 oC, so the reactions performed below that 
temperature is applicable of using Keggin based POM catalysts. Once the reaction 
temperature is greater than 600 oC, the active sites such as protons will be lost. An 
appropriate reaction temperature is very important to the reactions using POM catalysts. 
Another remarkable point is that POMs are hydrolytically stable in aqueous solution as the 
dissociated subunits are stable in a certain pH range. So POM catalysts are reliable to serve 
the reactions running in aqueous solutions.10 
Mo- and W-based Keggin-type anions have received the most attention because of 
relatively better thermal stability than other types. The most stable Keggin-type compound 
is tungstophosphoric acid (H3PW12O40) which starts losing protons at 450-470 ̊C and is 
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completely decomposed at 600 ̊C.20 However, counter cations of the Keggin-type anions 
have significant impacts on the thermal stabilities. For example, cesium and rubidium 
phosphotungstate salts possess a similar decomposition temperature to the acid mentioned 
above at 600 oC, however, NH4+-substituted phosphotungstate salt is destroyed at around 
300 ̊C due to the decomposition of ammonium ions.21 Hence, choosing an appropriate 
reaction temperature is crucial for using Mo- and W-based POM catalysts. Also, Mo- and 
W-based Keggin-type anions decompose to [Mo7O24]6-  at pH 5.6. Once above this pH 
value, MoO42- will be the dominate Mo component in the solution due to subsequent22 
hydrolyzation in basic environment. Thus, this type of salts can intuitively be utilized as 
catalyst in acidic solution. It should be noted that the crystalline structures of POM-
containing compounds could be destroyed due to the loss of crystalline water molecules in 
ambient environment. Hence, storing that kind of POM-containing compounds in low-
humidity presents a challenge in their practical applications. Recently, photocatalysis using 
soluble POM anions was investigated where the excitation from their ground state is 
achieved by UV or near-visible light. The mechanism involves charge transfer from an 
oxygen atom to the d0 transition metal atom when abundant energy is present. Another 
potential application of POM catalysts is electrocatalysis since the transition metal atoms 
of POM have the highest respective oxidations states, POM anions can be reversibly 
reduced with serval rapid one- and two-electrons transfer to produce ‘heteropoly blue’, and 
concomitant decomposition subsequently takes place due to further irreversible multiple 
electron reductions. If the addenda atoms (Mo or W) accepting the transferred electrons 
are identical without substituted atoms, the delocalization of the electrons on all MOx 
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framework occurs at room temperature caused by intramolecular electron transfer.23 In the 
meantime, protonation can also occur synchronously due to the reduction caused by the 
charge transfer and the increases of negative charge density. Thus, some Keggin-type POM 
compounds have been utilized as reductive and oxidative electrocatalysts.24  
Apart from applications in catalysis, POM-based electrode materials and electrolytes 
for lithium-ion batteries have received significant attention. In the past two decades, 
lithium-ion batteries have been developed for mobile devices and electric vehicles.25 Many 
high-performance electrode materials of lithium-ion batteries have been investigated and 
applied to devices, such as LiCoO2, LiMn2O4, LiFePO4  and so on. Due to multinuclearity 
of POM clusters with the highest oxidation states of the transition metal ions, POM anions 
are able to, like a charge reservoir, accept abundant electrons in a reversible redox process, 
which makes POM-containing compounds a potential candidate for electrode materials.26 
Directly applying pristine POMs as electrode materials is precluded by respective 
dissolution and degradation properties in aqueous as well as some organic electrolytes. In 
order to work out the above issues, organic ligands are introduced to combine with POM 
anions to form POM-based metal-organic frameworks (POMOFs).POMOFs not only 
overcome this issue of dissolution and degradation intrinsic to pristine POMs, but also 
show increased surface areas.27, 28 In the past two years, POMs were also studied and 
applied as redox mediators for lithium-ion battery electrolytes. Redox mediators are 
critically essential for lithium-oxygen batteries to suppress the degradation reactions.29 
Mo- and W-based Keggin-type POMs are most investigated for being redox mediators in 
lithium-ion batteries. For example, the reduction process of α-SiW12O404- to α-SiW12O405- 
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occurs at a potential of 2.6 V with respect to Li+/Li, enough to reduce O2 to Li2O2 with a 
reduction potential at 2.96 V. On the other hand, Keggin-type POMs are fairly stable in the 
highly oxidizing environment of lithium-oxygen batteries.30 Hence, POMs have been  
noticed and considered to be good candidates for the development of electrode materials 
and electrolyte of lithium-ion batteries.    
The application of POMs for medicine has also been investigated and studied since 
1998. The properties which impact recognition and reactivity of POMs with biological 
molecules can be modified, including polarity, redox potentials, surface charge 
distribution, shape, and acidity. Also, most POMs can be synthesized with one or two 
transition metal atoms on the cluster skeleton being substituted through moderate and 
reproducible methods. On the other hand, POMs are also available to be linked with 
functional bioorganic ligands in order to expand the number of POM derivates that may be 
potentially used to modulate bioavailabilities. Two types of biochemical activities of POM, 
antiviral and antitumoral, have deeply investigated. The antiviral property is the one of 
dominated functions of biochemical POM activities which was firstly reported by Raynaud 
et al in 1971. They found that polytungstosilicate heteropoly compounds effectively 
prohibit murine leukemia sarcoma virus in vitro.31 Thereafter, more and more viruses that 
are inhibited by POMs were found such as Rauscher leukemia, Epstein-Barr, Rhabdovirus 
and so on. Another dominate area of POM with biomedical activity is in antitumor clinical 
trial, which was first reported by Mukherjee. They combined Keggin-type phosphotungstic 
acid (H3PW12O40), phosphomolybdic acid (H3PMo12O40) and caffeine for curing the 
patients who were suffering from intestinal cancer.32 The selected patients were constantly 
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intravenously or intramuscularly injected with the combined medicines dissolved in 
sodium lactate or sodium bicarbonate for 6 days, over which the tumor growth in the 
intestinal tract completely halted. This interesting clinical phenomenon attracted the notice 
of chemists. Yamase first studied the mechanism of the antitumoral activity of POMs, they 
found that the reduced heptamolybdate [Mo7O23(OH)]6- is very toxic but the oxidized phase 
[Mo7O24]6- is mild, so they proposed that a single electron redox cycle of Mo-based POMs 
contributed the killing of cancer cells.33 Being compared to organic pharmaceuticals, POM-
based pharmaceuticals are relatively cheap and have a good potential to study further. A 
third area of POM application aims to enhance the antibiotic effectiveness against resistant 
strains of bacteria using a combination of polyoxotungstate and β-lactam according to the 
literature reports since 1998.34 Recently, inorganic POMs, POM-based organic-inorganic 
hybrids, and POM-based nanomaterials are all found with antibiotic activities. For 
example, the α-Keggin-type exhibits a sensitizing effect against vancomycin-resistant 
Staphylococcus aureus strains, further, researchers discovered that transition metal 
lacunary-substituted α-Keggin-type anions have a stronger sensitizing effect than pristine 
species. Also, quinolone was used to form hybrid structure with α-Keggin anions, which 
exhibits the activities against Staphylococcus aureus and Escherichia coli.35    
The magnetism of POMs is also an interesting point which has shown some potential 
in magnetochemistry. Conventionally, physical chemists explore spintronics based on 
inorganic metals and semiconductors.36, 37 With the development of the evolution of 
spintronics towards nanospintronics, molecular spintronics is getting more and more 
popular. Because POMs possess metal-oxide cluster structures with unique magnetic 
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exchange pathways and electron delocalization, they are regarded as ideal examples for 
studying molecular spintronics in recent years. Two classes of magnetic POMs are 
classified for the research of molecular spintronics, spin-localized POMs and spin-
delocalized mixed-valence POMs.38 The spin-localized POMs retain the magnetic 
moments on 3d or 4f metal ions. To prepare these POMs, removal of one or two metal 
atoms on the octahedral sites from the pristine POM clusters has been widely studied. For 
example, cobalt(II)-containing POM materials have provided a good opportunity for 
researchers to study magnetic exchange interaction. In 1992, tetranuclear rhomb-like cobalt 
cluster caged by lacunary POMs with the chemical formula [Co4(H2O)2(PW9O34)2]10- was 
studied by using Inelastic Neutron Scattering (NIS) technique,39 which exhibited direct 
evidence of the Co(II)-Co(II) exchange anisotropy.40 By replacing one cobalt atom with 
tungsten on the derivate of above rhomb-like cobalt cluster to form 
[Co3W(H2O)(ZnW9O34)2]12-, which demonstrated relative orientation of the exchange 
anisotropy axes.41 Another kind, namely spin-delocalized mixed valence POMs, possess 
multiple electron transfer from one center to the other of the POM structure. Although these 
kind of POMs with high-nuclearity clusters are unique, the electronic complexity is much 
higher than spin-localized magnetic clusters. Three more factors including electron 
transfer, coulombic repulsion and vibronic coupling must be considered other than 
superexchange.42 Reduced α-Keggin anion [PWVI10WV2O40]5- is a classic example of 
diamagnetic spin-delocalized mix-valence POM, At the beginning, the diamagnetism was 
attributed to a multiroute superexchange mechanism. Later on the interaction between 
Coulombic repulsion and electron transfer caused by spin-triplet gap was discovered, 
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which provided the transfer routes with a certain relation in sign and magnitude.43, 44 Also, 
if the ground state electrons were to be kept a remote distance from each other, the transfer 
route would be diverse for singlets and triplets. A similar investigation was performed on 
another classic POM clusters as well, Dawson-Wells polyanion with 6-membered rings, 
which revealed that electron pair delocalization over 6-membered rings minimize 
Coulombic repulsion.43 On the other hand, the use of POMs as spintronic components is 
based on four effects, including the control of the number of electrons in the system and 
the distribution of charge, the quantum decoherence, and the fabrication of quantum gates. 
Hence, the research of magnetic POMs is still faced with complicated problems and 
difficult experimental challenges. 
 
Synthesis of polyoxometalate-containing materials 
The synthesis of polyoxometalate-containing materials has been widely studied and 
developed. Since polyoxometalate anions possess variable thermal, magnetic and catalytic 
properties. For further processes, researchers have been considering the most effective 
synthetic approaches to generate (i) intermediates with high free enthalpy to get 
polymerization or growth processes, (ii) vibrable structure in the building unit, (iii) groups 
that can be linked with various ways, (iv) structural defects such as lacunary 
polyoxometalate clusters via removing some parts of building blocks,45 (v) the ability to 
go through charge transfer.46 
Conventionally, POM-containing materials are prepared by POM precursors with 
transition metal salt and organic ligands that may be required. The single-crystal growth of 
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POM-containing materials is often in acidic media via solution methods such as 
solvothermal or ionothermal. Although the crystal growth prefers to form in water medium, 
some required organic ligands are not soluble in water. People have to use mixed solvent 
to dissolve all starting materials. However, the use of water-organic mixed solvent limits 
the reaction temperature under atmospheric environment, the inorganic-organic hybrid 
POM-containing materials are often observed to crystallize at conventional conditions. 
Therefore, hydrothermal methods have been widely applied for the synthesis of POM-
containing materials. Hydrothermal reactions take place in Teflon Vessels with high 
temperature and pressure, which fairly enhances the solubility of starting materials as well 
as the diffusion rates. To date, abundant POM-containing materials were synthesized via 
hydrothermal method at higher temperature (>120 ̊C),12 however, this method is not 
friendly to temperature-sensitive POMs. For example, decavanadate anions start 
decomposition at 60 ̊C which is much lower than conventional hydrothermal conditions. 
According to reports, polyoxovanadate-based compounds have shown very good 
performance as lithium-ion battery electrode materials,47, 48 therefore the development of 
new synthetic approaches has been focused on this. Recently, some researchers proposed 
to replace water or organic solvent with ionic liquids as a reaction medium due to the 
limitation of the temperature range.49 Ionic liquids are liquid-state salts that completely 
consist of ions at room temperature with the characteristics of high fluidity and thermal 
stability, low melting points and vapor pressure. Based on those properties, the advantages 
of ionic liquid can be summarized to the points of (I) Due to the low vapor pressure and 
high thermal stability, the reaction temperature can be adjusted accordingly; (II) The weak 
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coordinating ability of ionic liquids has no significant impact to self-assembly reactions. 
(III) Organic and inorganic compounds both show a good solubility in ionic liquids.50  
Therefore,  ionothermal synthesis in ionic liquids is a promising direction for the synthesis 
of POM-containing materials. 
The general synthetic approach for POM-containing structures is to directly link 
terminal oxygen atoms of polyoxometalate clusters to transition metal ions.51 Silver ions 
with high electrophilicity and various coordination number are widely applied to 
coordinate terminal oxygen atoms of POMs.  The transition metals of the d-block are also 
studied and utilized mostly to coordinate or partially substitute POMs. To date, abundant 
transition-metal bonded POM derivatives have been synthesized and used for different 
applications.  
Although the above inorganic-synthetic approach has generated a mass of POM 
derivatives, combining organic ligands with POMs has also been investigated for the 
development of a new generation of functional materials. After figuring out the issue of 
dissolving organic ligands with inorganic POMs, new inorganic-organic hybrid POM-
containing frameworks (POMOFs) were synthesized. In order to build the hybrid 
frameworks, introducing d-block transition metals is essential to the reaction system 
because the added transition metal ions are easily coordinated to terminal oxygens of POMs 
to bridge POM clusters and organic ligands. Apart from covalently bonded organic-
inorganic POM-containing hybrid frameworks, organic linkers could also be connected to 
POM clusters by hydrogen bonding as well as π-π stacking. In order to obtain crystal 
growth of porous POMOF, POMs are introduced with three modes: (i) lacunary POMs 
- 14 - 
 
directly bonding to organic ligands. (ii) cage-located POMs as template of MOFs. (iii) 
POMs anions as pillars. As to the selection of organic linkers, the most common ligands 
used for synthesis are symmetric in structure and contain terminal carboxyl groups or 
nitrogen atoms such as tpypor and 2,6-H2pydc and so on (Fig. 1.2). The terminal oxygen 
of carboxyl and terminal nitrogen atoms are very easy to coordinate to POM clusters and 
transition metal ions, respectively.  
Although POM clusters, transition metal ions, and organic linkers have attracted a 
significant amount of attention from researchers, the impact on synthesis caused by cations 
should not be ignored. Common POM cations consist of alkali and alkaline ions such as 
Li+, Na+, K+ etc. Said cations invoke various interactions with POMs, the most common 
mode is that of covalent-bonding, the other modes include hydrogen-bonding, ion-dipole, 
van-der-Waals, and cation-π interactions.52 Therefore, the solubility of POM-containing 
salts is significantly assisted by cations. As POMs possess a large hydration sphere are 
highly polarizable and have low charge-density, smaller cations cannot directly contact 
POMs therefore the formation of precipitation is prohibited. It should be noted that the 
POMs obtained in basic conditions such as the [Nb6O19]8- Lindqvist ion exhibit an opposite 
solubility trend, that is, they are more soluble with larger cations. A humble explanation to 
this unusual phenomenon is that only two Li+/Na+ and four K+ are bonded to [Nb6O19]8- 
faces respectively, but eight Rb+/Cs+ are bonded to octahedron [Nb6O19]8- faces.53 In a word, 
the solubility trend of POM alkali salts can be summarized as low charge-density cations 
combined with high charge-density POMs are soluble and vice versa.52  
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Electrochemical synthesis 
In 1971, Dr. Chiang and co-workers first reported crystal growth of a molecular solid via 
an electrolysis experiment. Chiang et al. tried a galvanostatic oxidation of arenes in THF 
solution with a n-Bu4-NClO4 electrolyte, and crystal growth was obtained on the anode at 
room temperature.54 Based on Chiang’s report, more organic molecules were 
galvanostatically electrocrystallized with small anions such as NO3-, BF4- etc. to produce 
mixed-valence crystalline solids. The wide development of electrocrystallization has 
demonstrated its ability to produce high-purity materials. In some cases, 
electrocrystallization is a good approach to avoid the decomposition of thermal-sensitive 
starting materials. However, this approach is not very inclusive of starting materials with 
poor solubility, precluding it from being used more widely. However, electrocrystallization 
is still a viable approach for the synthesis of extended solids, including conducting and 
non-conducting as well as charge-transfer complexing systems. In order to obtain crystal 
growth by electrochemical method use of electroactive species is essential, which can lead 
to the generation of stable radicals by electro-oxidization or reductions.55 The reacting 
temperature, concentration of starting materials, and solvent all impact the diffusion of the 
generated radical in solution, which directly effects the quality of obtained crystalline 
samples. Galvanostatic methods which provide stable and constant direct current are 
mostly used for electrocrystallization. By tuning the current intensity, the local 
concentration of electroactive species and the number of charges transferred are easily 
controlled. Finding good starting materials and combining them appropriately with the 
above reacting factors are the key points to successful electrocrystallization.     
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           Figure 1.2 Organic linkers that are mostly used for the synthesis of POMOF12 
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The principle of anodic electrocrystallization is such that the solution containing neutral 
molecules is oxidized on the anode and then free radical cations are generated to combine 
with small anions to form crystals. This method is mostly employed for obtaining crystal 
growth in organic solvent. Another method is cathodic electrocrystallization, in which 
larger anions with high oxidation state are reduced on the cathode and then combine with 
small cations to form crystals. In some cases, the crystals obtained via electrochemical 
approach have mixed valence, which potentially facilitates electronic conductivity through 
resulting covalent frameworks.   
D – e- → D+∙ + X- → OX (anodic crystal growth,  
where D = neutral donor molecule, X = small anions) 
M + e- → M- + L+ → ML (cathodic crystal growth, 
where M= large anion cluster, L= small cation linkers ) 
In order to carry out electrocrystallization, a U-tube setup (Fig. 1.3) as a container with 
electrolyte is commonly employed. Platinum wires are mostly used for both anode and 
cathode electrodes due to its electrochemical inertness. The wires need to be polished using 
sandpaper before running experiments in order to facilitate crystal growth and ensure 
reproducibility.56 The selection of electrolysis solvent is dependent on the starting materials 
used for electrocrystallization. Commonly, potassium chloride or sulfuric acid are a good 
choice for inorganic electrocrystallization. If the electrocrystallization process contains 
organic ligands and organic solvents, the electrolysis has to be altered with conductive 
organic molecules such as tetrabutylammonium perchlorate. Most electrocrystallization is 
performed with a galvanostatic mode using a constant current around 1 µA. Cathodic  
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Figure 1.3 A setup mostly used for electrocrystallization 
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electrocrystallization uses a potentiostatic mode by employing a constant voltage 
accordingly in order to reduce anions. Hence, a cyclic voltammetry test for the precursor 
solution of cathodic electrocrystallization is required, which can reveal the specific 
reduction potential for the crystal growth on cathode. It should be noted that the selection 
of electrode materials is also complicated because the electrode could act as a starting 
material in some chemical systems. For instance, silver wire was used as an anode which 
is consumed due to oxidation and in turn cathodic reduction occurs to produce silver 
particulate films.57 It should be mentioned that electrophoretic deposition is also applied 
for the growth of POM-containing MOF thin films.58 A suspension with charged particles 
under direct current electric field can lead to particle motions and deposition on a 
conductive substrate.58   
Overall, electrocrystallization and electrophoretic deposition are both potential 
synthetic methods for the synthesis of POM-containing materials, especially as they are 
amenable to thermal-sensitive materials. And, the electrochemical method also provides a 
controllable approach to obtain crystal growth with high purity. Although dissolving 
starting materials in electrolyte for electrocrystallization is still a challenge for future 
research, electrochemical crystal growth has been demonstrated in this dissertation study 
as a means for the exploratory synthesis of new POM-containing compounds in situ that 
are complementary to the current methods for extended inorganic solids and inorganic-
organic hybrids at room temperature. 
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CHAPTER TWO 
EXPERIMENTAL METHODS 
 
Inorganic synthetic chemistry has been widely developed in the last two centuries. 
More and more functional inorganic materials including covalent-bonded molecular 
compounds, coordination compounds, metal-organic compounds, and cluster compounds 
are being investigated and applied in various fields. The inorganic multiple aggregates have 
exhibited unique functions and properties, which warrant continued studies in synthetic 
methods for advanced materials. The common aggregate states include nanoparticle, 
ceramic, single crystal, amorphous phase, and etc.1 Hence,  many synthetic methods were 
presented and developed in the past decades. For example, directly mixing starting 
materials in aqueous solution is the main way to produce nanoparticles. High-temperature 
salt melt method is utilized for synthesizing ceramics. Hydrothermal methods are widely 
employed for obtaining single-crystal growth.2-4 
Conventionally, a possible method to obtain inorganic solids with extended structures 
is through high-temperature, solid-state synthetic reactions. For instance, metal oxides are 
difficult to react with one another at room temperature, and a high-temperature (> 1200 oC) 
is often necessary to provide sufficient thermal energy to overcome kinetic barriers, such 
as ion diffusion, as well as chemical barriers;  allowing nucleation reactions to occur. The 
latter governs structural rearrangement with respect to breaking and forming bonds in the 
formation of a crystal lattice. On the other hand, more energy will be compensated in order 
to support the continuous growth of product crystals. Resistance furnaces are mostly used 
to achieve these high-temperatures in chemistry laboratories due to their simple 
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constructions and convenient temperature control. It should be mentioned that high 
temperature synthetic methods are also allow gas-state reactant to be employed and allows 
them to react with solid-state starting materials, this method named chemical vapor 
deposition (CVD) method in industrial scale is really important for semiconductor 
fabrication of SiC and Si3N4.1   
Apart from high-temperature, solid-state synthetic methods, 
hydrothermal/solvothermal reactions are popularly accepted synthetic methods of 
inorganic materials. Hydrothermal reactions take place in aqueous solution above the 
boiling point of water and solvothermal reactions are carried out likewise in nonaqueous 
solution. Hydrothermal/solvothermal methods were inspired by the formation of minerals 
in cooling magma and have been extensively applied in the field of synthetic chemistry 
since the mid-nineteenth century. Other than solid-state reactions which depend on ions 
diffusion of starting materials at the interface, hydrothermal/solvothermal reactions rely on 
the interaction of ions in solution. This difference leads to diverse structures and properties 
of final products even if the starting materials are identical. In order to process 
hydrothermal/solvothermal reactions, an autoclave comprised of a Teflon-lined stainless-
steel vessel with strong mechanical strength is used. The vessel must be able to bear high 
pressure and temperature as well as strong acidic or alkaline media presented by strong 
acid or base. Overall, hydrothermal/solvothermal synthetic methods have effectively 
promoted the development of inorganic materials and have acted to encourage structural 
variety.4  
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Isothermal/hydrothermal synthesis 
 
Polyoxovanadate-containing inorganic-organic hybrid compounds are presented in 
Chapters 4 & 5. Decavanadate-containing sodium salts are synthesized by directly mixing 
starting materials at room temperature according to literature. Generally, the aqueous 
solution for isothermal reaction is prepared in air and all starting materials are 
homogenously mixed by stirring. The pH value of the reaction solution is adjusted by 
dropwise addition of an  inorganic acid or base such as HCl or NaOH. Lastly, the precursor 
solution containing all dissolved starting materials is transferred to a fume hood for 
evaporation over a time scale of a couple of weeks, the resultant crystals grow via 
evaporation of water. In some cases, a suspension containing crystal seeds forms in the 
precursor solution, the size and quality of crystals will increase with prolonged evaporation 
time. In our study, all starting materials for synthesis of decavanadate salts are 
commercially purchased from vendors as shown in Table 2.1, pH value is adjusted by 
adding 4M HCl after all solids are dissolved. At this point, the target compounds are still 
dissolved in aqueous solution, in order to generate crystalline solids and isolate the final 
compounds, the solution volume is doubled via addition of ethanol, the final crystalline 
compounds are separated out immediately. A funnel and a filter paper are used to isolate 
the crystalline solids followed by air drying.  
Different POM salts were employed for the concept development and comparative 
studies of electrochemical crystal growth wherever necessary. The Preyssler anion 
mentioned in Chapter 6, for instance, is synthesized by a hydrothermal method according 
to a literature report.5 Conventionally, the precursor solution is prepared in an atmospheric 
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environment and then transferred to sealed a Teflon-lined stainless steel reaction vessel. 
The vessel is heated in the range of 120 oC~170 oC for two to three days. To obtain the 
Preyssler-containing potassium salt, the starting materials were massed using a 
microbalance and dissolved in a 16 ml mixture of solvent containing 9 ml water and 7 ml 
phosphoric acid. The precursor with a cloudy suspension was transferred to a Teflon-lined 
stainless-steel vessel and placed in a standard box furnace. The heating rate was controlled 
by program and set to 5 oC per minute for the temperature increase and decrease rate. After 
20 hours, the post-heating precursor was transferred to a 40 ml beaker. Three grams of KCl 
was added to the precursor and Preyssler potassium cream-like solids formed immediately. 
The presence of the cream-like solids was not mentioned in the cited literature, so a 
centrifuge was used to isolate the obtained solids as far as possible for a better yield. In 
order to improve the purity and quality of the synthetic crystals, the solids were dissolved 
in hot water and recrystallized overnight in atmospheric environment three times. Lastly, 
the solids were isolated and dried by conventional filtration. The purity of the synthetic 
POM salts was assured via Powder X-ray diffraction (PXRD), Fourier-transform infrared 
spectroscopy (FT-IR), and Nuclear magnetic resonance (NMR).     
 
Reflux synthesis 
 
In Chapter 3, a contrast experiment using reflux method was carried out for comparison 
with an electrochemical approach. Reflux methods are mostly applied for organic 
synthesis, involving a condenser to return the condensate to the reaction system until a 
complete reaction is achieved. The reactant of the Rb-POMo-Co phase mentioned in 
Chapter 3 was mixed and dissolved in water (15 ml) and then transferred to a 100 ml round-
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bottom flask. The flask was linked to a condenser along the vertical direction. Water for 
cooling the vapors was driven from the bottom to the top of the condenser. The entire setup 
was placed in an oil bath with temperature in the range of 80 oC~ 90 oC. The precursor was 
stirred at all times, as a necessity. The reflux process lasted over four hours and the 
precursor was collected, allowing it to cool down at room temperature in a 20 ml vial. 
Afterward, the vial was placed on a hot plate heated to 80 oC in order to concentrate the 
precursor. When the total volume of the precursor was reduced down to around 1.5 ml, the 
solution in the vial was transferred to a capped 60 ml jar with 20 ml methanol. The crystal 
growth would take place in a day. The structure of the synthetic crystal was identified via 
single-crystal X-ray diffraction method.   
 
Electrochemical synthesis 
All title compounds mentioned in this dissertation were synthesized via cathodic 
electrocrystallization. A 20 ml glass vial was used as reaction vessel and two silver wires, 
polished using sandpaper, with diameter 1 mm and length 7 cm were immersed into the 
precursor as electrodes (Figure 2.1). The starting materials for cathodic 
electrocrystallization must be accurately massed and, to ensure a desired stoichiometry, 
completely dissolved in precursor. An appropriate pH value of the precursor was 
experimentally selected to improve the solubility of starting materials. The initial pH value 
was measured and recorded using a pH meter. Before electrochemical synthesis began, the 
precursor needed to be analyzed via cyclic voltammetry (CV) techniques in order to locate 
the specific reduction potential based on the redox active species in the precursor solutions. 
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In order to minimize the impact of dissolved oxygen and carbon dioxide on CV testing 
results, the precursor solution must be purged using nitrogen flow for 20 minutes. 
Afterwards, a three electrode system with a glassy carbon working electrode, platinum 
counter electrode, and calomel reference electrode was immersed into the solution for 
cyclic voltammetry test, the glassy carbon working electrode must be polished carefully 
with powdered alumina and rinsed entirely with distilled water before the measurement.6 
The electrochemical workstation used for the measurement was a CHI (CH Instruments, 
Inc.) 660D, the potential range was set between -1 V to 1 V, and the scan rate was 0.1 V/s. 
By comparing the position of the reduction peaks shown on CV curve with standard 
reduction potential tables, an appropriate electrocrystallization potential could be reached 
for initial trial of crystal growth experiment. Then a constant voltage was loaded onto two 
silver electrodes and the vial was capped to prevent evaporation of the solution. Upon 
tuning the loading voltage specifically according to previous CV results, POM anions 
would be electrostatically transported towards the cathode and then the reduction reaction 
took place immediately. Generally, the reaction would take 2-3 three days to achieve 
appreciable crystal growth. The precursor color evolved due to the reduction of POM 
anions. The synthetic crystals were scraped down from the cathode wire and dried 
overnight in atmospheric environment.  
 
Starting materials 
 
Table 2.1 (see below) exhibits all chemicals used for electrochemical synthesis as well 
as those for reflux and hydrothermal reactions. The chemical formula, sources, and molar 
mass are also shown in the table. All starting materials were commercially purchased from  
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Figure 2.1 A electrocrystallization cell in our lab 
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vendors unless mentioned specifically, such as sodium decavanadate and Preyssler 
potassium salt which were prepared according to previous literature report.  
 
Table 2.1: Chemicals used for electrochemical and other exploratory syntheses presented 
in dissertation 
Compounds Chemical Formula Source, purity Molar mass, g/mol 
Cesium nitrate CsNO3 Alfa Aesar, 99.9% 194.91 
Cobalt(II) nitrate 
hexahydrate 
Co(NO3)2∙6H2O FISHER, 99% 291.04 
Copper(II) nitrate 
trihydrate 
Cu(NO3)2∙3H2O EMSURE, 99.5% 241.6 
4, 5-Diazafluoren-
9-one 
C11H6N2O Alfa Aesar, 98% 182.18 
Hydrochloric acid HCl Mallinckrodt, 
36.5%-38.0% 
36.46 
Lithium Chloride LiCl Alfa Aesar, 99.9% 133.84 
Phosphoric Acid H3PO4 Mallinckrodt, 85% 98.00 
Potassium Chloride KCl Alfa Aesar, 99.9% 74.55 
Rubidium Chloride RbCl Alfa Aesar, 99.9% 120.92 
Silver wire Ag Alfa Aesar, 99.9% 107.87 
Sodium Chloride NaCl Alfa Aesar, 99.9% 58.44 
Sodium 
metavanadate 
NaVO3 VWR, 96% 121.93 
Sodium molybdate 
dihydrate 
Na2MoO4∙2H2O VWR, 99.5% 241.95 
Sodium 
phosphomolybdate 
Na3PMo12O40 Sigma-Aldrich, 1891.20 
Sodium 
phosphotungstate 
Na3PW12O40 Sigma-Aldrich, 2946.00 
Sodium tungstate 
dihydrate 
Na2WO4∙2H2O Alfa Aesar, 99.0%  329.85 
Tetrahydrofuran C4H8O VWR, 99.7% 72.11 
Triethanolamine C6H15NO3 Alfa Aesar, 98% 149.19 
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Characterization Techniques 
 
Before studying any bulk properties of the synthetic compounds, the first and most 
important step is to investigate the crystalline structures and find out the arrangement of 
atoms and molecules in a 3-dimensional scale. Understanding the precise structures of the 
synthetic compounds provides researchers a good perspective for the relationship between 
structure and property and allows insight from reported compounds with similar structures. 
The bonding information and oxidation states can also be presented, which exhibits 
possible directions for researchers to chemically adjust synthetic approach or recipes 
regarding the stoichiometry of electrolytes.  
All crystal structures of the title compounds presented in this dissertation are 
investigated via single-crystal X-ray and Powder X-ray diffraction. Other characterization 
methods including Ultraviolet–visible spectroscopy (UV-Vis), Fourier-transform infrared 
spectroscopy (FT-IR), Nuclear magnetic resonance (NMR), Raman spectroscopy, 
Scanning electron microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDS), X-
ray photoelectron spectroscopy (XPS), and thermal analysis (thermogravimetry- 
differential scanning calorimeter, TGA/DSC) are employed to study and confirm the 
compositions and oxidation state of the resulting solids. In addition, serval electrochemical 
characterizations were performed by Monica Gordillo from Dr. Saha’s group to study the 
conductivities of the compounds presented in Chapter 3. Cyclic voltammetry 
measurements were gratefully carried out using Tennyson’s workstation mentioned above 
for each precursor solution.    
34 
 
Single-Crystal X-ray Diffractions (SXRD): For most POM-containing materials, 
they are synthesized in the form of crystalline solids in which all atoms are arranged with 
a very orderly fashion. Those solids form definite morphology with sharp edges and facets. 
On the other hand, some POM-based polymer identified by NMR and FT-IR7 are 
synthesized in the form of amorphous solids which don’t have a well-defined geometric 
shape or an arrangement of ordered atoms. Thus, crystalline solids are generally 
characterized using X-ray diffraction technique which provides detailed information of unit 
cell parameters, bond distance & angles, atom occupancy, coordination environment, and 
relative ratios.  
In 1912, Max Von Laue discovered that the atoms in crystalline structure act as a 
diffraction grating for X-ray wavelengths.8 Based on this principle, X-ray diffraction has 
become a very popular and common technique in the field of crystallography for initial 
characterization of any new materials. X-rays are produced by a cathode ray tube with a 
target, which is commonly made up of copper (K1, λ = 1.5418 Å) and molybdenum (K1, 
λ = 0.7107 Å), that generates X-rays. The latter are filtered and calibrated before traveling 
toward the crystalline sample. The interaction between incident X-rays and crystalline 
sample follows Bragg’s Law (nλ=2dsinθ). The diffracted X-rays are finally collected by a 
silicon drift Hybrid Photon Counting (HPC) detector and processed by software of the 
instrument.9  
SXRD is commonly equipped with a Mo target to produce X-rays by being hit with 
high-energy electrons. Four angles (2θ, χ, φ, and Ω) are measured using 4-circle 
goniometers to define the relationship between the lattice information and incident X-rays. 
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To obtain high-quality SXRD data, a single crystal sample with suitable size (between 30-
300 microns, the ideal crystal samples averaging 150-250 microns in size)10 and clear faces 
and edges are necessary. The diffraction spots are low in intensity if the size of the crystal 
sample is too small and thin. Also, it should be noted that a  multiple-crystal sample  in 
which crystals are stacked may cause the diffraction spots to be lapsed due to, for instance, 
twining.11-13 The selected single-crystal sample mentioned in the chapters below were 
placed in epoxy glue to fix the physical position for X-ray diffraction as well as to prevent 
probable decomposition in air, see individual chapters for specific cases. Then, using a 
needle to pick up the sample and mount it on the sample holder with a loop. The sample 
holder with single-crystal piece was then transferred to a stage and centered in the middle, 
the distance between crystal sample to detector (PHOTON III: active area of 140 × 100 
mm2 ) was moved to 40 mm in order to match the screening images, 40 mm spreads the 
spots out a bit more without costing much extra time or intensity. The measurement was 
then performed and the data was collected on Bruker D8 X-ray diffractometer equipped 
with Mo Kα target and a Photon 100 CMOS detector. A quick screening process in order 
to obtain unit cell constant of the testing sample was carried out first with two frames of 
diffraction data and the exposure time was set at 5 seconds. Once the unit cell constant was 
derived, a search on ICSD database was performed to look up any similar crystal structures 
which have been reported in literature. If the tested sample is unknown, a full scan and data 
collection are performed with a longer exposure time conventionally in the range of 10 to 
25 seconds to obtain high-quality diffraction spots with stronger intensities, especially for 
small crystal samples. If the sample contains organic moieties, running at low temperature 
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would be essential to reduce the vibration of light atoms. The nitrogen gas stream used to 
keep the data crystal cool could also protect the crystals from decomposition by, for 
instance, losing crystalline water. Generally, data collection takes 2-12 hours depending on 
the symmetry of the testing sample and exposure time. Longer exposure time is necessary 
for crystalline phase with lower symmetry in crystal system. After the data collection was 
complete, the images with diffraction spots were acquired and integrated using APEX 3 
program. Then, a matching crystal system and space group were assigned and the SHELXL 
2014/7 program14 was applied to solve and refine the processed data. All data and 
refinement was saved in a file with a res format. Most heavy atoms were easy to identify 
and always automatically assigned by the programs. In the meantime, bond distances 
presented in the file were used to locate light atoms such as oxygen, nitrogen and carbon. 
Once the assignments of atoms was carried out, the free refinement command was 
employed to adjust the occupancy rate of each atom, which provided detailed information 
of non-stoichiometry of respective atoms. The ANIS command was then used to generate 
appropriate special position constraints for Uij. If any atoms were had displacement 
parameters with non-positive definite or higher Uij, the command of ISOR or SIMU would 
be utilized to restrain the atoms with effective standard deviation. At this point, some 
essential light atoms might be still in Q-peak list, and it was necessary to check the 
environments of the Q-atoms with highest electron density peaks. Then, assigning those 
Q-atoms should be based on the information of surrounding bond distances. If the R value 
is lower than 5%,  a command ACTA could be performed to generate a final 
crystallographic information file (cif) for further process. PLATON program was used next 
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to check if the assigned crystal system and space group were correct. Then a detailed report 
with crystallographic report was generated. Finally, the checkcif service provided by the 
International Union of Crystallography (IUC) was used to see if any errors exist in above 
process and solutions for crystal structure.15 If the R value was still high after the 
refinements done or the cif file was with too many errors, a new data collection at low-
temperature using different single-crystal sample might be necessary. The crystal structure 
visualization was presented using Diamond 3 and Mercury software.16, 17  
Powder X-ray Diffraction (PXRD): As discussed in above paragraph, SXRD has 
rigid requirements for the size and quality of the single-crystal sample, which limits the 
application of X-ray diffraction technique in polycrystalline materials due to their random 
and average growth orientations. PXRD provides averaged structure information about the 
bulk sample. The obtained powder pattern acts a ‘fingerprint’ which demonstrates the 
purity of the tested sample with respect to crystalline phases. Other than that, PXRD 
powder patterns are also used to study the phase identity of the resulting sample by 
comparing with a calculated pattern from the ICSD database. The calculated pattern gives 
a profile for corresponding atomic planes (hkl) as well as peak intensities. However, doing 
PXRD measurement requires a fair amount of sample for analysis which limits the 
accessibility of the sample with low yield. Generally, PXRD is not used to solve crystal 
structures as symmetry-equivalent reflections overlap owing to the same d-spacing. 
However, high-intensity PXRD provides the possibility to solve crystal structures based on 
a given structure model for the crystalline samples that are too small to be identified by 
SXRD. Apart from a high-resolution PXRD pattern, a reasonable structure model is 
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necessary to provide a crystal system and space group as well as approximate atom 
coordinates for the structure solution. GSAS-EXPGUI program was used to refine PXRD 
patterns via Rietveld method in order to derive lattice constants and solve the structure of 
the compounds, see examples mentioned in Chapter 3.18 Before the refinement, some basic 
information about the crystal system and space group had been screened by using SXRD, 
the high-resolution PXRD patterns were obtained with minimum background noise  using 
Bruker D8 single-crystal X-ray diffractometer equipped with Cu target Kα radiation of 
1.5406 Å. A small amount of testing sample was place in a racket-like sample holder and 
then transferred to the stage for X-ray irradiation. The pattern was typically collected from 
3 to 90 degrees with a step size of 0.1 degrees. Once the high-resolution PXRD pattern was 
collected, the cif file of isostructural compound was first imported to the GSAS program 
with precise atom coordinates obtained via SXRD, and then high-resolution PXRD pattern 
was loaded to the program. In order to get a good refinement, approximate atomic 
coordinates and occupancy based on structural model were modified following by the 
refinement of PXRD background. The adjustment of Gaussian shape described by the 
function of Gaussian Profile ≈ U × tan2θ + V × tanθ + W + P/cos2θ  was performed by 
tuning the parameters of Gaussian U term (GU), Gaussian V term (GV), Gaussian W term 
(GW), and Gaussian crystallite size broadening (GP) to fit peak widths was also applied to 
match the tested pattern. Lastly, a spherical harmonics preferred orientation might need to 
be added to further improve Rwp and Rp values with zero being a perfect match. Once the 
values were lower than 5%, the refinement was acceptable and resulted in a cif file 
including the crystal structure information of the data crystal.19 Although GSAS and high-
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resolution PXRD provide a new approach to solve crystal structure, the need for a similar 
model of isostructure limits its wide application in identifying the structures of completely 
unknown materials.     
X-ray photoelectron spectroscopy (XPS): Mixed-valent compounds are intuitively 
common in multinuclear polyoxometalate chemistry. In order to precisely investigate the 
oxidation state of the reduced elements, XPS technique is applied to examine the emission 
spectra of elements. The mechanism of generating X-rays of XPS is the same as X-ray 
diffraction techniques except for the use of a different target element such as Al or Mg Kα 
radiation. The generated X-rays (h) irradiate a solid surface and the kinetic energy (Ek) of 
the electrons emitted from the materials surface is measured simultaneously. An XPS 
spectrum is obtained by counting emitted electrons and presented with characteristic peaks 
at special positions regarding the binding energy, B.E. (= h - Ek) according to atomic 
species. Those peaks enable researchers to identify the ratio among surface elements as 
well as the oxidation states, see more detailed definitions in Chapters x and x where XPS 
of resulting solids are presented.20 Some title compounds mentioned in this dissertation 
were tested to study the oxidation states of POM anions and transition metal atoms, this 
was performed on a PHI 5000 VersaProbe III scanning XPS. All testing compounds were 
cleaned via Ar+ sputtering. The obtained XPS data was calibrated based on C1s peak at 
284.8 eV and then refined using XPSPEAK 4.1 program.21, 22 The background type for all 
spectra used Shirley mode. By adjusting FWHM and the Lorentzian-Gaussian parameter, 
the final deconvolution of peaks exhibited the ratio among different oxidation states of the 
respective elements.  
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Bond valence sum: POM-containing materials are mostly comprised of transition 
metal atoms which may be in different oxidation states. The oxidation state of transition 
metal element can be examined according to the observed bond distances in refined crystal 
structure, and it is also possible to take into account the occupancy factor for atoms 
especially residing in a crystallographic site that is statistically not 100% occupied. To 
support the analysis of oxidation state determined from XPS analysis, a theoretical 
calculation method called Bond Valence Sum (BVS) was applied. A relationship between 
bond valence (s) and bond distance (r) follows the equation of s=exp[(r0-r)/B], r0 represents 
the reference bond length and r is measured bond distance based on crystallographic 
information. B is a constant with the value of 0.37.23 A summation of all bond valences 
gives the total oxidation state of an element, which ideally should be comparable to the 
result determined from XPS analysis. As the hydrogen atom only possesses one electron 
with very weak diffraction intensity, it is impractical to study the position of hydrogens by 
SXRD. Therefore, BVS is regarded as a convincing tool to determine the presence and 
amount of hydrogens by investigating the bonded oxygen atoms, which can demonstrate 
how many water molecules or hydroxide groups are in the structure.  
SEM-EDS analysis: Combined techniques of scanning electron microscopy (SEM) 
and energy dispersive X-ray spectroscopy (EDS) is used to study the surface morphologies 
of tested materials and its qualitative analysis of crystal contents. The instrument is 
equipped with an electron gun which emits electrons toward the surface of tested materials. 
Some of the electrons are reflected and some are absorbed, the detector receives these 
electrons and converts them to visible images. The high-energy electrons emitted by 
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electron gun generally cause the ground state electrons within the surface atoms to be 
elevated to an excited state, producing X-rays. The emitted X-rays are collected by the 
detector and converted to EDS spectroscopy.24 The SEM-EDS data and images presented 
in this dissertation were obtained using desktop HITACHI TM 3000 instrument.     
Fourier-transform infrared spectroscopy (FT-IR): The inorganic-organic hybrid 
materials mentioned in Chapters 4 and 5 are tested by FT-IR to identify the existence of 
organic moieties. Infrared radiation with a specific frequency is absorbed resulting in 
molecular and bond vibrations taking place, so the identity of functional groups can be 
identified based on the absorbed infrared radiation.25 For POM-containing materials, using 
FT-IR characterization can strongly support the presence of organic molecules as well as 
solvent molecules such as water. The samples for FT-IR tests in this dissertation were 
ground for 10 minutes and then transferred to a testing stage for measurements. The 
instrument is equipped with an Attenuated Total Reflection (ATR) technique,26 a KBr 
pellet was not required. The frequency range of infrared radiation utilized in analysis was 
400 cm-1 to 4000 cm-1. 
Raman spectroscopy: The FT-IR technique mentioned above is a good technique to 
study the local structures of organic functional groups but it is not very effective or precise 
in identifying inorganic bond vibrations. Raman spectroscopy is based on the scattering of 
photons which takes place when incident photons interact with the tested substances. Due 
to the interactions, the frequencies of scattered light is different to the original incident 
light, which produces a special spectroscopy.27 Therefore, Raman spectroscopy was 
applied to analyze decavanadate clusters in chapters 4 and 5. The tested samples were 
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loaded on a glassy fiber and irradiated by laser light. The frequency range was set from 
400 cm-1 to 4000 cm-1.   
UV-Vis Spectroscopy: For the synthetic compounds which contain transition metal 
atoms, UV-Vis can be used to study charge transfer between transition metal and bonding 
ligands (LMCT) based on the absorption of UV-Vis radiation.28, 29 The reduction of the 
oxidation state of transition metals can also be exhibited by UV-Vis spectroscopy based on 
d-d transition according to the difference in electronic configurations of fully-oxidized and 
reduced states. The title compounds in this dissertation were measured using SHIMADZU 
UV-3600 equipped with integrating sphere. The solid-state compounds were ground and 
mixed with BaSO4 for data collection. The testing range was set from 250 to 1600 nm.   
Nuclear magnetic resonance (NMR): NMR involves producing an electromagnetic 
signal with characteristic frequency, which is caused by oscillation of the external magnetic 
field to nuclei.30 The starting material, sodium decavanadate, mentioned in chapter 4 was 
identified using 51V NMR. To acquire a 51V spectrum,31 around 3mg of sample is required 
for small molecules (less than 1000 g/mol). D2O was used as solvent. The total volume of 
the tested solution was 0.5mL. After the preparation of the solution, a glass pipette was 
used to load the tested solution and then transferred into a 5mm NMR tube.  Afterwards, a 
gauge was used to put the NMR tube into the spinner and put the NMR tube into the 
magnet. After loading the NMR tube into the magnet, a selection for the experiment 
parameters was performed (such as the number of scans, spectral window, etc). Finally, 
"zg" was typed as a command to trigger the experiment.  
43 
 
Thermal analysis: Thermal analysis is an effective tool to study the thermal stability 
of the synthetic compounds. Also, weight loss shown on Thermal-Gravimetric Analysis 
(TGA) curve caused by dehydration can also be used to calculate the amount of native 
crystalline water molecules and the water molecules produced by the decomposition of  
hydroxide groups (2OH-→ H2O + O2-), which assists in solving crystal structures. On the 
other hand, decomposition, phase change, and recrystallization processes can also be 
further differentiated on a Differential Scanning Calorimetry (DSC) curve according to the 
heat absorbed or released by the tested sample. For inorganic-organic hybrids, thermal 
analysis can also exhibit the decomposition steps of organic molecules.32 Each compound 
(>5 mg) mentioned in this dissertation was ground first and transferred to a small pan made 
up of aluminum oxide. The measurements were performed using an SDT Q600 TA 
instruments calorimeter. A typical nitrogen flow of 100ml/min was used for each test. As 
a contrast test, a test with air flow was also performed, the air flow was set to 20ml/min. 
For mixed-valent compounds, a weight gain would show up and the calculations for the 
gain could support the analysis of oxidation states of reduced elements. Generally, TGA-
DSC residue collected at different temperatures were identified by PXRD in order to 
precisely understand the decomposition process of the testing samples.   
Cyclic voltammetry: The cyclic voltammetry tests mentioned in this dissertation were 
carried out using Dr. Tennyson’s CHI 660D electrochemical workstation. The detailed 
testing procedures are described in the section of electrochemical synthesis, see p.30.   
Conductivity test: The conductivity measurements mentioned in chapter 3 were 
performed by Monica A. Gordillo who works in Dr. Saha’s group. The I-V curves were 
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obtained by loading a series of voltage to the testing sample pellet, the current flow through 
the testing sample was recorded simultaneously. The relationship between the testing 
voltages and currents follows Ohm’s law.33 By calculating the slope of the obtained I-V 
curve, the resistance of the testing sample was then derived. Based on the calculated 
conductivity value, the testing sample was classified to be a semiconductor. 
The following chapters 3-5 will report the synthesis and characterization of 1), in 
chapter 3, α-Keggin phosphomolybdate (POMo)- and phosphotungstate (POW)-based 
compounds with dimeric cobalt interlink, 2), in chapter 4, decavanadate-based inorganic 
compound with copper chain structure and triethylamine (TEA)-containing inorganic-
organic hybrid , and 3) in chapter 5, decavanadate-4,5-diazafluoren-9-one-containing 
hybrid polyoxometalate-organic-frameworks (POMOFs). The detailed account of 
variables that govern the successful synthesis of respective compounds along with relevant 
characterizations that support the effectiveness of electrochemical crystal growth are given 
for future development of the technique for in-situ synthesis of POM-containing solids that 
otherwise cannot be prepared by conventional hydrothermal, self-assembly, and reflux 
methods at the temperature significantly about room temperature where this dissertation 
research was performed. 
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CHAPTER THREE 
EXPLORATORY SYNTHESIS OF EXTENDED OXIDES FEATURING 
INTERLINKED Α-KEGGIN CLUSTERS VIA IN-SITU ELECTROCHEMICAL 
CRYSTAL GROWTH AT AMBIENT 
 
 
Abstract 
 
A bench-top electrochemical technique has been demonstrated for the in situ synthesis 
of complex oxides containing polyoxometalate(POM) clusters at room temperature. The 
α-Keggin [PM12O40]3− (M = Mo and W) cluster serves as a multinuclear node for the 
formation of extended covalent frameworks. Employing electrochemical energy (G = 
−nFE) as an alternative driving force reveals a complimentary ability to selectively explore 
new POM-based compounds under ambient conditions. A simple two-electrode setup was 
emplyed to grow crystals of new phases from aqueous solution of respective α-Keggin 
anion for structure determination. Herein, we report the synthesis and characterization of a 
new family of condensed oxides containing electronically reduced α-Keggin 
[PM12O40](3+n)− clusters: namely K5[Co(OH)(H2O)]2PMo12O40·17H2O (K-POMo-Co, 1; n 
= 4), Rb3.75[Co(H2O)2.5(OH)]2PMo12O40∙13.65H2O (Rb-POMo-Co, 2; n = 2.75), and 
Rb5.85[Zn0.4(H2O)0.45]2PM12O40∙15H2O (Rb-POMo-Zn, 3 and Rb-POW-Zn, 4; n = 4.45). 
The crystals were grown on a cathode in as short as three days. The X-ray crystal structures 
reveal A-site cation (A = K, Rb) tuned frameworks featuring respective 2D vs. 3D extended 
covalent linkages of alternating M2+ (M = Co and Zn) and electronically reduced α-Keggin 
ions. The representative charge transport capacity of selected compounds was evaluated by 
XPS and electrical conductivity measurement (~10−5 S/cm at 20 oC) and the extended 
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thermal stability (up to 300 oC in N2) by TGA/DSC. The promises of electrochemistry for 
exploratory synthesis with respect to its role to the in-situ crystal growth of POM-
containing solids are discussed. 
 
Introduction 
Polyoxometalate(POM) chemistry has been extensively explored for materials with 
diverse structures and unmatchable chemical and physical properties.1-7 POMs are discrete 
polyoxoanions usually comprised of group 6 (Mo, W) or less commonly group 5 (V, Nb, 
Ta) transition metals in their high oxidation states. The high nuclearity of these transition-
metal-oxide clusters engenders multielectron redox chemistry, thus making the design of 
materials an attractive synthetic goal for targeted applications.8 Materials containing POM 
clusters as a reservoir for reversible electron storage,9 for instance, have been broadly 
investigated for applications in oxidation catalysis,3,10 electrocatalysis,11 rechargeable 
batteries,12-16 single molecule magnets (SMMs),5,7 and biomedicine.17The superior redox 
properties of POMs paired with promising control of design in framework topologies 
provide inspiration for our research into the exploration of new POM-containing 
compounds using recently emerged bench-top electrochemical methods18-21 at room 
temperature. 
In situ synthesis of multinuclear building blocks, such as POM clusters, is a promising 
route to design synthesis of functional materials. This is because of its propensity to sustain 
redox conditions structurally and potential to integrate desired properties into the resulting 
extended solids. Prior to this study, a wealth of POM-based compounds have been isolated 
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largely under hydrothermal (or solvothermal) conditions.22-24 Hydrothermal reactions are 
typically carried out in polytetrafluoroethylene-lined stainless steel containers under 
autogenous pressure (up to 200 bar depending on the degree of fill)25 at high temperature 
(ca. 120~180 oC), through which the solubility of starting materials as well as diffusion 
rates necessary to advance phase nucleation are improved. However, this synthetic 
approach is often limited to thermally stable POM salts, and hydrothermal conditions 
intuitively prohibit the formation of desired frameworks incorporating thermally sensitive 
clusters. For instance, decavanadate [V10O28]6- anion is subject to thermal decomposition 
in aqueous solution to trivanadate, [V3O8]− at 60 C̊, which is much lower than the reaction 
temperature employed by conventional hydrothermal methods.26 Despite of its practical 
potentials in rechargeable battery applications,27 no functional materials containing 
decavanadate anion have yet been reported under hydrothermal conditions. The in-situ 
synthesis of a new family of decavanadate-containing compounds has been demonstrated 
via electrochemical synthesis at room temperature. Thus, it is worthy of expanding this 
low-temperature synthetic method into the exploratory investigation of new compounds 
containing POM anions for the advanced materials of technological importance.28 
Intuitively, lowering reaction temperature potentially facilitates more control over 
framework construction by design. Recent literatures reported the successful synthesis of 
tunable metal-oxide frameworks via coordination assembly of Preyssler anions, 
[NaP5W30O110]14− at temperatures near 100 oC under ambient pressure.29-31 This new family 
of extended solids synthesized under reflux conditions in aqueous solution exhibits 
interlinked POMs. The resulting solids show increased conductivity reportedly owing to 
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covalently bridged Preyssler anions by transition metal cations.31 Also, via self-assembly, 
POM-based inorganic-organic hybrids have been synthesized in situ at even lower reaction 
temperature.32-34 These compounds exhibit linkages typically relying on electrostatic 
interactions like hydrogen bonding and − stacking and thus by-and-large are 
electronically insulating with the exception of the combination of reduced POM anions 
and/or cationic π-conjugate molecules.35 Nevertheless, the synthesis of these otherwise 
fascinating POM-containing solids shares a common dilemma where incorporated redox-
active POM anions remain fully oxidized due to the lack of driving force in the reaction 
for reduction. The room-temperature synthesis techniques employing electrochemical 
energy described herein may provide a means to overcome these obstacles and warrant 
exploration and development. Subsequently, it would be interesting to see how the 
increased electron density on the periphery of POM cluster leads to new framework 
formation, and in turn composition and dimensionality relevant to the properties of 
resulting solids can be tuned. 
Given the inherently rich redox capacity of multinuclear α-Keggin [PM12O40]3− (M = 
Mo and W) cluster, we set out to explore new α-Keggin-containing complex oxides through 
in-situ electrochemical crystal growth and reduction at room temperature. It should be 
noted that electrochemical technique has been reported as a niche area for the thin film 
deposition of metal-organic frameworks (MOFs) in aqueous media.36-37 It has however 
been scarce as a synthetic means for crystal growth of POM-containing materials.38 Herein, 
we report the synthesis, structure, and electrical conductivity of a new family of condensed 
oxides containing electronically reduced α-Keggin [PM12O40](3+n)− clusters. For eventual 
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materials synthesis by design, parameters facilitating framework construction through 
electrochemical reaction are investigated and those critical to optimum crystal growth are 
discussed. 
 
Synthetic procedures 
K5[Co(OH)(H2O)]2PMo8VIMo4VO40·17H2O (1), 
Rb3.75[Co(H2O)2.5(OH)]2PMo9.25VIMo2.75VO40∙13.65H2O (2), 
Rb5.85[Zn0.4(H2O)0.45]2PMo7.55VIMo4.45VO40∙15H2O (3), and 
“Rb5.85[Zn0.4(H2O)0.45]2PMo7.55VIMo4.45VO40∙15H2O” (4) 
 
Deionized water was used as solvent throughout the synthesis and all materials were 
used as purchased. Two silver wires (1mm od, 7cm in length) were used as electrodes. 
 
For the synthesis of 1, a precursor solution was 
prepared prior to the reaction by addition of 0.1100 g 
(1.47 mmol) KCl, 0.1164 g (0.40 mmol) 
Co(NO3)2•6H2O, and 0.0946 g (0.05 mmol) 
Na3PMo12O40 to 15 ml of deionized water followed by 
gentle stirring for 10 minutes. The intitial pH of the well-mixed solution was typically 
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(top) PXRD pattern of the deposited AgCl layer on anode and, for comparison, 
(bottom) replotted PXRD pattern based on the database JCPDS 85-1355. 
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around 2.6. As shown in the figure to the right, a small (20 ml, scintillation) vial was used 
to contain the electrolytes for electrochemical crystal growth. A plastic cap was placed at 
the top of the vial to hold the electrodes. The electrodes were then submerged in the 
solution and altered to be a few millimeters away from the bottom and the side of the vial 
and 1.2 cm apart from each other. A constant voltage supply (EVENTEK-KPS305D) was 
used as power source. A constant voltage 0.50 V was then applied. The color of initial 
solution was brick red. It was noticed that a blue cloudy solution formed around the silver 
electrodes immediately upon immersion (see discussion below). The solution was 
electrolyzed for optimum growth (up to three days) of sizable crystals for single crystal X-
ray diffraction (SXRD) studies and the color of the solution after which still remained dark 
blue. The power supply was turned off before the electrodes were retrieved from the 
solution. The electrodes were rinsed with deionized water and crystals were handled in air. 
The crystals (ca. 10 mg, 8%, based on POMo) on the cathode were isolated for structure 
and property characterizations. The AgCl deposit occurs on anode, according to the powder 
X-ray diffraction (PXRD) analysis, see figure below. 
2 was synthesized similarly by replacing RbCl for KCl. The initial solution was titrated 
to pH ~3-4 with 4 M NaOH solution to prevent the precipitation of Rb3PMo12O40, which 
was identified by PXRD patterns. The color of solution evolved from dark brick brown to 
pale purple after e-chem crystal growth for three days. It is noted that, by employing the 
same molar ratios of respective electrolytes, the yield of 2 (ca. 30 mg, ca. 28 % based on 
POMo) is three times as that of 1 (ca. 10 mg) per batch indicating a faster nucleation of the 
former.  
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No Cs analog of the compound series could be synthesized due to the formation of 
Cs3PMo12O40 precipitate, S according to the PXRD pattern shown below, regardless the pH 
of the solution. 
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For the synthesis of 3 upon successful structure determinations of 1 and 2, a precursor 
solution was prepared prior to the reaction by addition of 0.1814 g (1.50 mmol) RbCl, 
0.1190 g (0.40 mmol) Zn(NO3)2•6H2O, and 0.0945 g (0.05 mmol) Na3PMo12O40 to 15 ml 
of deionized water followed by gentle stirring for 10 minutes. The initial pH of the well-
mixed solution was adjusted to around 3.0 by adding one drop 
(~0.05 mL) of 4M NaOH. The experimental procedures for the 
electrochemical crystal growth are the same as mentioned above. 
The color of initial solution was pale yellow. As expected, a 
blue cloudy solution formed around the silver electrodes 
immediately upon immersion due to later recognized 
spontaneous reduction of POMo. The yield of 3 is 33.8 % based on POMo. 
The crystal growth of 4 can be acquired from a similar precursor solution by 
substituting equivalent mol of Na3PW12O40 for Na3PMo12O40. A constant voltage 0.7 V was 
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applied. The color of initial solution was transparent. It was noticed that a blue cloudy 
solution formed around the silver electrodes immediately upon immersion. Because the 
crystals were mixed with white amorphous impurity phase(s), the yield was visually 
estimated <5% based on POW, see left figure. No good quality single crystal has been 
isolated for structure determination. Hence, profile refinement was employed with the 
structural model of 3 to determine the structure, see below.  
According to the single-crystal X-ray diffraction (SXRD) discussed in the manuscript 
and the results of the powder diffraction experiments, the chemical formula of the title 
compounds are K5[Co(OH)(H2O)]2PMo8VIMo4VO40∙17H2O 1, and 
Rb3.75[Co(H2O)2.5(OH)]2PMo9.25VIMo2.75VO40∙13.65H2O 2, 
Rb5.85[Zn0.4(H2O)0.45]2PMo7.55VIMo4.45VO40∙15H2O 3, and 
“Rb5.85[Zn0.4(H2O)0.45]2PW7.55VIW4.45VO40∙15H2O” 4. The structural formula of 4 was 
given based on the refined solution of 3, which was employed as a structure model for 
profile refinement, see below. 
Characterizations 
X-ray Diffraction Single-crystal X-ray diffraction (SXRD) was performed at 150K for 
compound 1 and 273K for compound 2 on a Bruker D8 X-ray diffractometer equipped 
with an Incoatec Mo Kα micro focus source (λ = 0.71073 Å) and a Photon 100 CMOS 
detector. The crystal structure was refined and solved by full-matrix, least-squares 
technique on F2 using the SHELXTL software package.S Powder X-ray diffraction (PXRD) 
was recorded on Rigaku powder X-ray diffractometer with a scanning rate of 0.5°/min 
from five to ninety degrees in 2-Theta. The result of structure refinement was confirmed 
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by an exact comparison of calculated and observed PXRD patterns of the title compounds 
(see below; left figure 1, right figure 2). The relatively stronger observed (222) and (444) 
diffraction peaks of 1 and 2, respectively, are likely due to a preferred orientation of the 
crystalline sample. Nevertheless, the exact comparison suggests that the respective 
crystalline compound grown via e-chem method is a single phase. 
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The crystalline sample of 4 was ground to powder and then mounted a MicroMeshes 
sample holder (see PXRD patterns below) before the collection. The collection took 120 
seconds from 5 to 90 degrees of 2-theta angles with Cu as X-ray target. The minimum step 
was 0.1 degrees. 
 
X-ray photoelectron spectroscopy (XPS) was employed to study the oxidation state 
of transition metals of the title compounds, Mo (3d) and Co (2p). The data was obtained at 
the University of North Carolina (Chapel Hill) on a Kratos Axis Ultra DLD system 
equipped with a monochromatic AI Kα source operated at 150W. Powder samples were 
pressed into a piece of indium metal that had been scraped with a razor blade to remove 
the indium oxide on the surface. The sample was cooled to −50 ̊C in the XPS chamber 
before the X-ray gun was turned on, the sample was sputtered for 10 minutes with an Ar+ 
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ion gun operated at a source HT of 0.3 kV with an emission current of 10 mA and a 2mm 
x 2mm raster area before the analysis. Survey and high-resolution scans were performed at 
pass energies of 80 eV and 20 eV, respectively. All spectra were corrected to the C 1s peak 
at 284.6 eV. 
Scanning electron microscope (SEM) images and energy-dispersive X-ray 
spectroscopic (EDS) analysis were acquired using a HITACHI TM3000 microscope 
performed at 15 kV.  
Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
were performed from 25°C to 500°C on a TA Instruments SDT Q600 under a nitrogen or 
air flow of 100 mL/min and 20 mL/min, respectively, with a heating rate of 10 °C/min. 
Cyclic voltammograms were collected using a three-electrode system (Glassy carbon 
working electrode, Ag/AgCl reference electrode and Pt counter electrode) with a scan rate 
of 0.1 V/s and recorded on a CHI 660D electrochemical workstation. 
Electrochemical impedance and electrical conductivity measurements were 
performed on cold-pressed pellet samples. To prepare POMo pellets, ca. 15 mg of 
respective powder was first placed inside a Teflon tube (inner diameter 2.7 mm). The latter 
was then capped with tightly fitted stainless-steel rods (diameter 2.7 mm) that have a 
conductive silver-coated tip. Finally, the POMo powder sandwiched between two rods was 
pressed under 200 MPa pressure using a digital Parr Pellet Press. The thickness of the 
resulting pellets (ca. 0.5 mm) was measured using a digital caliper by taking the difference 
in total length of two steel rods with and without the sample.  
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The direct current-voltage (I-V) relationships of POMo pellets were recorded under 
ambient conditions between –1.0 to +1.0 V using a Keithley 2400 sourcemeter. The 
resistance of each device was extracted from the slope of the linear-fit I-V plot and the 
corresponding conductivity was calculated using the equation  = L/(R × A), where  = 
conductivity, L = thickness of the pellet, R = resistance of the pellet, and A = area of the 
pellet (πr2 , r = pellet radius = 1.35 mm). 
The impedance measurements were not conclusive due to high contact resistance 
between particles. Meanwhile, a dual ionic conductivity attributed to proton and alkali 
metal cation transport should be considered in future investigations regarding conducting 
mechanisms and applications. 
 
Results and discussion 
Electrochemical Synthesis of A+−POMo/POW−M2+ 
Successful single crystal growth of a new family of condensed oxides containing 
electronically reduced α-Keggin anions, [PMo12O40](3+n)− (POMo: polyoxomolybdate) and 
[PW12O40](3+n)− (POW: polyoxotungstate), is reported here. The respective chemical 
formulae and, for the simplicity of presentation, the acronyms of the four new compounds 
are K5[Co(OH)(H2O)]2PMo8VIMo4VO40·17H2O (n = 4; K−POMo−Co, 1), 
Rb3.75[Co(H2O)2.5(OH)]2PMo9.25VIMo2.75VO40∙13.65H2O (n = 2.75; Rb−POMo−Co, 2), 
Rb5.85[Zn0.4(H2O)0.45]2PMo7.55VIMo4.45VO40∙15H2O (n = 4.45; Rb−POMo−Zn, 3), and 
“Rb5.85[Zn0.4(H2O)0.45]2PW7.55VIW4.45VO40∙15H2O” (Rb−POW−Zn, 4). It is noted that the 
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structure model of 3 was employed in profile refinement of 4, thus 4 adopts the same 
chemical composition as 3, see below. For the continued development of this room-
temperature, electrochemical technique, the discussions herein are based on the initial 
investigations of 1 and 2 in the A−POMo−Co system where A = K and Rb, respectively. 
Experimental parameters, such as pH-dependent dissolution of electrolytes, structural 
tuning of electropositive cations A+, chemical tuning of overall cell potential (Eooverall), and 
optimal applied potential of phase nucleation, that govern the successful electrochemical 
crystal growth are highlighted below. 
Innovative synthetic methods have always been sought to facilitate directed synthesis 
in the emerging field of POM-based materials of technological importance. A new bench-
top electrochemical crystal growth technique, as depicted in Figure 3.1, has been 
demonstrated for the in-situ synthesis of new extended metal-oxides containing 
electronically reduced POM anions at room temperature, as far as we know, for the first 
time. Intuitively, using electrochemical energy (G = −nFE) instead of conventional 
thermochemical energy (G = H −TS) permits nucleation that otherwise cannot be 
activated at low temperatures.18-21 As nucleation proceeds, the counter ions are alternately 
linked, building a covalent framework for the transport of charge carriers, thus continuous 
propagation of crystal growth ensues. 
Using a 20 ml scintillation vial, a two-Ag-electrode cell (Fig. 3.1a) was set up for the 
exploratory synthesis of A+−[PMo12O40]−Co2+, where A = K, Rb, in the initial attempts. 
Aqueous solutions of as-purchased ACl, Co(NO3)2 and Na3PMo12O40 salts were mixed and  
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(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. (a) Schematic depiction of electrochemical growth of POM-
containing solids. (b) Dark-blue, block crystals grown on Ag cathode.  
Ag 
electrode 
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the pH of precursor solution adjusted to ensure complete dissolution of respective ions (see 
SI Synthesis). Sizable dark blue block (cubic) crystals, as shown in Figure 3.1b, of up to 
0.2 mm in long dimension, that are suitable for structure characterizations were grown in 
as short as three days. Survey studies revealed that crystal growth only occurs in the 
precursor solutions with initial pH range of 2-5. Beyond this range, decomposition of 
[PMo12O40]3− occurred, as evident in color fading of precursor solution and lacking crystal 
formation. Upon altering the pH of solution closer to 7, a purple-blue precipitate of 
Co(OH)2 was immediately formed. Meanwhile, all crystalline samples obtained in this pH 
range were proven to be the title compounds. It is noted that the pH values of the precursor 
solution were ultimately changed to around 5.5 ± 0.2 at the end of electrolysis independent 
of initial pH. Last, but not least, the Cs+ analog of the compound series could not be 
synthesized due to the formation of Cs3PMo12O40 precipitate regardless the pH of the 
solution (see Synthetic procedures). 
Like most bench-top reactions, the simple electrochemical setup allows a close 
observation of crystal growth for a better physical understanding of the growth process 
with respect to the color change of POM solution upon reduction. Throughout 
electrochemical synthesis, a blue cloudy solution was observed evolving around silver 
electrodes initially upon immersion, but, a deep blue color evolved only around the cathode 
upon application of external voltage. As shown in Fig. 3.3, trial studies suggest that, in the 
absence of applied voltage, a possible spontaneous reduction reaction of POMo anion by 
Ag-electrode, n Ag(s) + [PMo12O40]3−(aq) → [PMo12O40](n+3)−(aq) + n Ag+(aq) occurs and, 
upon electrolysis, cathodic reduction by electrolytic potential occurs, [PMo12O40]3− + n e− 
61 
 
→ [PMo12O40](n+3)−. A simultaneous nucleation of the title compounds and instantaneous 
crystal growth occurred on the cathode, requiring the deposition of a AgCl film on the 
anode. Evidence suggests that AgCl forms a passivate layer in the presence of the Cl− anion 
preventing continued oxidation of silver. For a comparison, when KCl was replaced with 
KNO3 the silver wire was being consumed due to anodic oxidation and during which time, 
no crystal growth occurred on the cathode. 
In order to incorporate Co2+ ions necessary for the formation of framework linkages, 
the cathodic crystal growth must be coupled with the anodic oxidation of AgAgCl. 
According to the comparison of standard reduction potentials,i the coupling shifts the range 
of overall electrolytic potential. The anodic deposition of AgCl, Ag + Cl− → AgCl + e−, 
facilitates a lower reduction potential Eo(AgClAg) = +0.22 V compared to Eo(Ag+Ag) = 
+0.80 V thus the promotes of the electrochemical crystal growth, see the following 
evaluation of Eooverall. For that, a hypothetical cell Ag(s)  Cl−(aq)  AgCl(s)  [MoO4]2−(aq) 
 [MoO2]+ (aq)  Ag(s) was proposed where the reduction potential of 
Eo([MoVIO4]2−[MoVO2]+) was substitute for Eo([PMoVI12O40]3−[PMoVI/V12O40](3+n)−). 
Using the half-cell reactions below, an overall cell potential was estimated, Eooverall = eq(1) 
– eq(2), and a positive value of calculated Eooverall, 0.18V, was acquired: 
[MoO4]2−(aq) + 4H+ + e− → [MoO2]+ (aq) + 2H2O, Eo = 0.40V       (1) 
AgCl(s) + e− → Ag(s) +  Cl−(aq), Eo = 0.22V       (2) 
Experimentally, when platinum was substituted for the silver electrode, no color change 
in the precursor solution, neither crystal growth was observed because of its unmatched 
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higher reduction potential, Eo(Pt2+Pt) = +1.20 V. Calculations also show that the overall 
cell potential becomes less negative for Eo(Ag(s)  Cl−(aq)  AgCl(s)  Co2+(aq)  Co(s)  
Ag(s)) = −0.50V (= eq(3) – eq(2)) than for Eo(Ag(s)  Ag+(aq)  Co2+(aq)  Co(s)  Ag(s)) 
= −1.08 V.  
Co2+(aq) + 2 e− → Co(s), Eo = −0.28V     (3) 
To avoid the reduction of Co2+ ion, the upper limit of electrolytic potential for the 
incorporation of Co2+ ion should thus be set at 0.50 V. 
Lastly, although chemical reduction of the [PMo12O40]3− anion by Ag/AgCl electrode 
is spontaneous, it is realized that there is no nucleation of crystals unless external voltage 
is applied. It suggests that electrolytic reaction plays an essential role as a driving force for 
the nucleation and in turn the crystal growth of the title compounds. 
An appropriate applied voltage was experimentally determined in part according to a 
cyclic voltammogram (CV) collected for the precursor solution. The CV scan of the 
precursor solution for 1, for instance, was carried out in the voltage range of ±1 V and, as 
shown in Figure 3.2a, four reduction peaks (A~D) were observed as reported in the 
literature.ii Further surveying a range of applied voltages (0.1 V~1.0 V) indicated that the 
window of electrochemical crystal growth is relatively narrow, e.g., 0.5~0.6 V. This is due 
largely to the multiple-electrolyte system containing crucial constituents for compound 
formation with the downside of engendering competitive redox chemistry. Thus, the initial 
voltage was empirically set at 0.50 V based on the subsequent observation of crystal 
growth. The electrochemical reaction is schematically depicted in Figure 3.2b where the 
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molar ratios of starting electrolytes and general reaction conditions of a typical reaction are 
highlighted. 
 
To validate the application of electrochemical crystal growth method, we extended our 
investigation into the exploratory synthesis of new chemical systems with other transition 
metals as well as polyoxotungstate anion. Upon the structure determination, we 
successfully grew crystals of 3 and 4, isostructural compounds of 2, in the respective 
Rb−POMo−Zn and Rb−POW−Zn systems where the divalent Co2+ cation is substituted 
with Zn2+. The latter is the most electropositive divalent cation among the first-row 
transition metal series. The incorporation of divalent Zn2+ is the only other success thus far 
where the reduction potential of Eo(Zn2+Zn), −0.76 V, is more negative than that of 
Eo(Co2+Co), −0.28 V. Subsequently, the estimated cell potential Ag(s)  Cl−(aq)  AgCl(s) 
 Zn2+(aq)  Zn(s)  Ag(s) give rise to a more negative value, −0.98 V, suggesting that the 
upper limit of applied voltage could be raised beyond 0.5 V previously applied for  
 
(a) (b) 
 
Figure 3.2. (a) CV of precursor solution for 1. Glassy carbon working electrode, Ag/AgCl 
reference electrode and Pt counter electrode were employed with the scan rate 0.1V/s. (b) 
Schematic depiction of reaction recipe and conditions, see text. 
30 ACl(aq) + 8 Co(NO3)3(aq) 
 + Na3PMo12O40(aq); 
whereas A = K, Rb 
simultaneous 
reduction 
0.5 V; 25 oC, 1 atm 
[PMo12O40]3− 
 
 
 
 
 
  [PMo12O40](3+n)− 
+ n e− 
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Figure 3.3. Survey Study of Spontaneous Reactions at Room Temperature 
 
(a) Initial brick-brownish precursor solution without the insertion of silver electrodes 
showing little change in color after a day. (b) Precursor solution showing color change 
around electrodes instantaneously and throughout after a day. (c) Precursor solution 
without adding Cl− showing less color change after a day. (d) The precursor solution 
without Cl− and POMo showing no color change after a day. (e) The precursor solution 
without POMo showing no color change after a day. (f) The precursor solution without 
Co(NO3)2, like (b), showing color change around electrodes instantaneously and 
throughout after a day. (g) The precursor solution without Co(NO3)2 and Cl- showing less 
color change like (c) around electrodes but instantaneously and throughout after a day. 
                                                                                  
 
  
                                 
                                 
                                 
                                     
                          
                          
                       
(a) 
(c) 
(b) 
(d) 
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(K,Rb)−POMo−Co to seek possibly more reduced POMos. Unfortunately, when higher 
voltage is applied, no crystal growth, neither color change of precursor solution, was 
observed possibly due to the reduction decomposition of POMo beyond ca, 0.6 V (Fig. 3.2, 
point D). But, the resulting compound 3 (Rb−POMo−Zn) does contain a more reduced 
[PMo12O40](3+n)− anion (n = 4.45) based on the refined structural formula (see below) than 
the isostructural phase 2 (n = 2.75). The growth of 4, a POW analogue, could be carried 
out at an applied voltage up to 0.8 V. However, the yield became lower as the applied 
voltage been higher. It was observed that, when the electrolysis was set at beyond 0.9 V, 
neither color change of the POW-containing solution nor crystal growth occurred. Finally, 
we have been unable to grow crystals in other chemical systems, which include those 
employing K+ and divalent Mn2+, Fe2+, and Ni2+ ions. As to divalent copper (Eo = +0.34 
V), the reaction did not yield crystals of interest but metallic copper due to cathodic 
reduction. Meanwhile, no crystal growth was observed either for trivalent Cr3+ (Eo = −0.74 
V) that has a comparable reduction potential as Zn2+. We speculate that disfavored crystal 
growth could be due to unknown complex formation in the precursor solution and the shift 
of redox potential of respective ions. Lastly, there is no spontaneous reduction of POW 
anion by silver electrode.  
Electrochemical crystal growth complementarily facilitates electronic reduction that is 
absent in the in situ synthesis under hydrothermal and reflux conditions mentioned above. 
For a comparative study, compounds 1~4 were subject to reflux synthesis in aqueous media 
using the respective precursor solutions using the reported experimental procedures for the 
coordination assembly of Preyssler-type anions, [NaP5W30O110]14−.30,31 No crystals were 
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formed except that of a fully oxidized phase using the precursor solution for compound 2. 
The yield was low (<5% based on POMo) and the resulting solid has a refined structural 
formula of Rb7.55[Co0.25(H2O)2]2(OH)5.55PMo12VIO40∙7.45H2O.41 Like the reflux method 
employed in the synthesis of coordination assembly of Preyssler anions, the reaction 
provided no reduction power and the oxidation state of the in-situ [PMo12O40]3− anion was 
not altered. The color of grown crystals are reddish brown, not dark blue, consistent with 
the oxidation of fully oxidized POMo anion. The structure of this reflux-grown compound 
adopts the same features as 2, except that the divalent Co2+ cations bridging POMo clusters 
are replaced by Rb+, see below. This aliovalent cation replacement of divalent (Co2+) by 
monovalent (Rb+) valent cations due to less reduced [PMo12O40](3+n)− anion (n = 0) is 
intuitively further evidence of a fully oxidized POMo structure. 
 
Structural Characterization of A+−POMo/POW−M2+ 
The new compounds crystallize in the space groups of tetragonal unit cell for 1 (P4/mmm, 
No. 123, Z = 1, a = 11.4401(9) Å, c = 10.5438(9) Å, V  = 1379.92(2) Å3) and cubic for 2~4 
(Fm-3m, No.225, Z = 8, a = 22.531(2) Å, V = 11438(2) Å3 for 2, a = 22.4179(4) Å, V = 
11266.4(6) Å3 for 3, a = 22.665(1) Å, V = 11643(2) Å3 for 4), see Tables S3.1-S3.3 for 
detailed crystallographic information. The structures 1~3 were determined by single-
crystal X-ray diffraction (SXRD) while 4 by powder X-ray diffraction (PXRD) methods 
(Fig. 3.8). The representative structure descriptions are given hereafter by the tetragonal 
(for 1) and cubic (for 2~4) structures. The unit cells contain fascinating frameworks of 
Co2+-linked POMo clusters that are centered about a phosphorous atom, see Figure 3.  
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Table 3.2. Selected Bond Distances and Angles 
K5[Co(OH)(H2O)]2PMo8VIMo4VO40·17H2O 
(1) 
Rb3.75[Co(H2O)2.5(OH)]2PMo9.25VIMo2.7
5
VO40∙13.65H2O (2) 
MoO6 
Mo(1)-O(1)×2 1.901(4) Å#2 Mo(1)-O(3)×2 1.953(8) Å  
Mo(1)-O(2)×2 1.940 (8) Å#27 Mo(1)-O(2)×2 1.917(7) Å 
Mo(1)-O(3) 1.663 (10) Å Mo(1)-O(4) 1.680(9) Å 
Mo(1)-O(5) × 2 2.481 (11) Å#28, #29 Mo(1)-O(1) 2.437(9) Å  
Mo(2)-O(4) 1.651 (15) Å   
Mo(2)-O(2)×4 1.906 (9) Å#8, #30, #29   
Mo(2)-O(5) × 2 2.5080(2) Å#29   
∠Mo(1)-O(1)-
Mo(1) 
138.9(7)̊ #7 ∠Mo(1)-O(2)-Mo(1) 150.6(5)̊ 
∠Mo(2)-O(2)-
Mo(1) 
138.9(6)̊ ∠Mo(1)-O(3)-Mo(1) 123.7(6)̊ 
∠Mo(1)-O(5)-
Mo(1) 
91.7(5)̊  #29, #32 ∠Mo(1)-O(1)-Mo(1) 89.9(2)̊ 
∠Mo(1)-O(5)-
Mo(2) × 2 
92.4(4)̊ #29, #32   
Mo(1)-Mo(1) 3.5597(2) Å Mo(1)-Mo(1) 3.4429(2) Å & 
3.7102(2) Å 
Mo(1)-Mo(2) 3.6015(2) Å    
CoO6 
Co(1)-O(2) × 4 2.142(9) Å#27, #29, #34 Co(1)-O(2) × 2 2.059(11) Å 
Co(1)-O(3) × 2 2.274(9) Å 
Co(1)-O(8W) × 4 2.020(2) Å#24, #29, #33 Co(1)-O(5) × 2 1.953(3) Å 
∠Co(1)-O(8W)-
Co(1) 
87.6(11)̊ #33 ∠Co(1)-O(5)-Co(1) 87.7(4)̊ 
∠Mo(1)-O(2)-
Co(1) 
100.0(4)̊ ∠Mo(1)-O(2)-Co(1) 101.178(3)̊ Å  
∠Mo(2)-O(2)-
Co(1) 
99.9(4)̊ ∠Mo(1)-O(3)-Co(1) 92.955(2)̊  
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Co(1)-Co(1) 2.7973(2) Å Co(1)-Co(1) 2.7225(2) Å 
KO8 RbO8 
K(1)-O(1) × 8 2.811(11) Å#1, #2, #3, #4, 
#5, #6, #7 
Rb(2)-O(2) × 2 3.0881(2) Å 
Rb(2)-O(3) × 2 3.0581(1) Å 
PO4 
P(1)-O(5) × 8 1.548(15) Å#2, #4, #7, #28, 
#29, #31, #32 
P(1)-O(1) × 4 1.565(9) Å 
 
Rb5.85[Zn0.4(H2O)0.45]2PMo7.55VIMo4.45VO4
0∙15H2O (3) 
Rb5.85[Zn0.4(H2O)0.45]2PW7.55VIW4.45VO40∙1
5H2O (4) 
MoO6 WO6 
Mo(1)-O(3)×2 1.941(3) Å W(1)-O(3)×2 1.994(1) Å 
Mo(1)-O(2)×2 1.911(4) Å W(1)-O(2)×2 1.900(1) Å 
Mo(1)-O(4) 1.696(3) Å W(1)-O(4) 1.718(1) Å 
Mo(1)-O(1) 2.391(3) Å W(1)-O(1) 2.421(1) Å 
∠Mo(1)-O(2)-Mo(1) 150.70(2)̊ ∠W(1)-O(2)-W(1) 149.22(2)̊ 
∠Mo(1)-O(3)-Mo(1) 121.83(19)̊ ∠W(1)-O(3)-W(1) 121.44(2)̊ 
∠Mo(1)-O(1)-Mo(1) 90.35(12)̊ ∠W(1)-O(1)-W(1) 91.85(2)̊ 
Mo(1)-Mo(1) 3.392(0) Å & 
3.698(0) Å 
W(1)-W(1) 3.478(1) Å & 
3.664(1) Å 
ZnO6 ZnO6 
Zn(1)-O(2) × 2 2.062 (13) Å Zn(1)-O(2) × 2 1.856 (1) Å 
Zn(1)-O(3) × 2 2.305(8) Å Zn(1)-O(3) × 2 2.209(1) Å 
Zn(1)-O(5) × 2 1.755(1) Å Zn(1)-O(5) × 2 2.097(1) Å 
∠Zn(1)-O(5)-Zn(1) 97.119(1)̊ ∠Zn(1)-O(5)-Zn(1) 111.12(2)̊ 
∠Mo(1)-O(2)-Zn(1) 101.461(1)̊ ∠W(1)-O(2)-Zn(1) 100.78(2)̊ 
∠Mo(1)-O(3)-Zn(1) 92.513(1)̊ ∠W(1)-O(3)-Zn(1) 86.86(2)̊ 
Zn(1)-Zn(1) 2.631(0) Å Zn(1)-Zn(1) 3.459(2) Å 
RbO8 RbO8 
Rb(2)-O(2) × 2 3.070 (2) Å Rb(2)-O(2) × 2 3.104(1) Å 
Rb(2)-O(3) × 2 3.060 (1) Å Rb(2)-O(3) × 2 3.094(1) Å 
PO4 PO4 
P(1)-O(1) × 4 1.585(3) Å P(1)-O(1) × 4 1.602(0) Å 
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Table 3.3. Bond Valence Sum Calculations 
1: K5[Co(OH)(H2O)]2PMo8VIMo4VO40·17H2O 
Bond type Bond 
distance 
Bond 
valence Mo6+ 
BVS for 
Mo6+ 
Bond 
valence    
Mo5+ 
BVS 
for 
Mo5+ 
Mo1-O3 1.66 1.93  
 
 
 
        
6.00 
1.79  
 
 
 
 
5.57 
Mo1-O1 1.90 1.02 0.94 
Mo1-O1 1.90 1.02 0.94 
Mo1-O2 1.94 0.91 0.85 
Mo1-O2 1.94 0.91 0.85 
Mo1-O5 
(half 
occupied) 
2.48 0.11 0.10 
Mo1-O5 
(half 
occupied) 
2.48 0.11 0.10 
Mo2-O4 1.65 2.00  
 
 
 
6.20 
1.85  
 
 
 
5.75 
Mo2-O2 1.91 1.00 0.93 
Mo2-O2 1.91 1.00 0.93 
Mo2-O2 1.91 1.00 0.93 
Mo2-O2 1.91 1.00 0.93 
Mo2-O5 
(half 
occupied) 
2.51 0.10 0.09 
Mo2-O5 
(half 
occupied) 
2.51 0.10 0.09 
   Average 
BVS of Mo1 
and Mo2: 
6.10 
 Averag
e BVS 
of Mo1 
and 
Mo2: 
5.66 
      
Bond type Bond distance Bond valence   P5+ BVS for P5+ 
P1-O5 
(half 
occupied) 
1.55 
 
0.58  
 
 
 
 
P1-O5 1.55 
 
0.58 
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(half 
occupied) 
 
 
 
4.66 
P1-O5 
(half 
occupied) 
1.55 
 
0.58 
P1-O5 
(half 
occupied) 
1.55 
 
0.58 
P1-O5 
(half 
occupied) 
1.55 
 
0.58 
P1-O5 
(half 
occupied) 
1.55 
 
0.58 
P1-O5 
(half 
occupied) 
1.55 
 
0.58 
P1-O5 
(half 
occupied) 
1.55 
 
0.58 
Bond type Bond distance Bond valence   Co2+ BVS for Co2+ 
Co1-O8 
(half 
occupied) 
2.02 0.21  
 
 
 
 
 
 
 
 
2.01 
Co1-O8 
(half 
occupied) 
2.02 0.21 
Co1-O8 
(half 
occupied) 
2.02 0.21 
Co1-O8 
(half 
occupied) 
2.02 0.21 
Co1-O2 2.14 0.30 
Co1-O2 2.14 0.30 
Co1-O2 2.14 0.30 
Co1-O2 2.14 0.30 
    
Bond type Bond distance Bond valence O2- BVS for O2- 
O1-Mo1 1.90 -1.02 -2.03 
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O1-Mo1 1.90 -1.02 
O2-Mo2 1.91 -1.00  
-2.064 
O2-Mo1 1.94 -0.91 
O2-Co1 
(half 
occupied) 
2.14 -0.15 
O3-Mo1 1.66 -1.93 -1.93 
O4-Mo2 1.65 -2.00 -2.00 
O5-P1 1.55 -1.17  
-1.79 
O5-Mo1 2.48 -0.21 
O5-Mo1 2.48 -0.21 
O5-Mo2 2.51 -0.20 
O6W-K4 
(half 
occupied) 
3.12 -0.03  
-1.98 
O6W-H6A 0.96 -0.97 
O6W-H6B 0.96 -0.97 
O7W-H7A 0.96 -0.97 -1.95 
O7W-H7B 0.96 -0.97 
O8W-Co1a 
(half 
occupied) 
2.02 -0.21  
 
 
-1.87a O8W-Co1a 
(half 
occupied) 
2.02 -0.21 
O8W-H8Aa 0.96 -0.97 
O8W-H8Ba 0.96 -0.97 
O9W-K3 
(half 
occupied) 
2.73 -0.10  
 
-2.10 
O9W-K2 3.21 -0.05 
O9W-H9A 0.96 -0.97 
O9W-H9B 0.96 -0.97 
O10W-K4 3.37 -0.02  
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aIn 1, each half occupied cobalt atom coordinates to four fully occupied cluster oxygens 
(O2) and four half-occupied bridging oxygens (O8W). As  the cobalt atom is half occupied, 
the calculated bond valence (BV) is multiplied by half. If O8W ideally bonds to two 
hydrogens as water molecule, the bond valence sum (BVS) is −2.356, which is significantly 
greater than the expected oxidation state for O2−. If it is a hydroxide, the BVS for O8W is 
−1.383, significantly lower. Therefore, a 50/50 water-and-hydroxide model is proposed 
leading to the averaged BVS of O8W −1.8695, reasonably close to O2−. 
 
 
 
 
 
(half 
occupied) 
 
-1.98 
 O10W-K4 
(half 
occupied) 
3.37 -0.02 
O10W-H10A 0.96 -0.97 
O10W-H10B 0.96 -0.97 
O11W-K4 
(half 
occupied) 
2.84 -0.07  
 
-2.02 
O11W-H11A 0.96 -0.97 
O11W-H11B 0.96 -0.97 
O12W-K3 
(half 
occupied) 
2.78 -0.09  
 
-2.03 
O12W-H12A 0.96 -0.97 
O12W-H12B 0.96 -0.97 
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2: Rb3.75[Co(H2O)2.5(OH)]2PMo9.25VIMo2.75VO40∙13.65H2O 
Bond type Bond 
distance 
Bond 
valence 
Mo6+ 
BVS for 
Mo6+ 
Bond 
valence 
Mo5+ 
BVS for 
Mo5+ 
Mo1-O4 1.69 1.80  
 
 
 
5.67 
1.67  
 
 
 
5.33 
Mo1-O2 1.92 0.95 0.90 
Mo1-O2 1.92 0.95 0.90 
Mo1-O3 1.95 0.87 0.82 
Mo1-O3 1.95 0.87 0.82 
Mo1-O1 2.44 0.23 0.22 
   Average 
BVS of 
Mo1: 5.67 
 Average 
BVS of 
Mo1: 5.33 
    
Bond type Bond distance Bond valence P5+ BVS for P5+ 
P1-O1 1.55 1.15  
 
 
4.60 
P1-O1 1.55 1.15 
P1-O1 1.55 1.15 
P1-O1 1.55 1.15 
    
Bond type Bond distance Bond valence Co2+ BVS for Co2+ 
Co1-O5W 
(half 
occupied) 
1.96 0.24  
 
 
 
 
1.67 
Co1-O5W 
(half 
occupied) 
1.96 0.24 
Co1-O2 2.05 0.38 
Co1-O2 2.05 0.38 
Co1-O3 2.27 0.21 
Co1-O3 2.27 0.21 
Co2-O9W × 
12 
(1/3 
occupied) 
2.10 0.11 × 12 1.32 
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   Average BVS of Co1 and 
Co2: 1.50 
Bond type Bond distance Bond valence O2- BVS for O2 
O1-P1 1.55 -1.15  
O1-Mo1 × 3 2.44 × 3 -0.22 × 3 -1.82 
O2-Mo1 × 2 1.92 × 2 -0.952 × 2  
O2-
Co1(quarter 
occupied) 
2.05 -0.09 -2.03 
O2-
Rb2(quarter 
occupied) 
3.08 -0.03  
O3-Mo1 × 2 1.95 × 2 -0.87 × 2  
O3-
Co1(quarter 
occupied) 
2.27 -0.05 -1.81 
 
O3-
Rb2(quarter 
occupied) 
3.05 -0.03  
O4-Mo1 1.69 -1.80 -1.98 
O4-Rb1 2.91 -0.17  
O5W-Co1 × 
2 (quarter 
occupied) 
1.96 × 2 -0.12 × 2 
 
 
-2.19 
 O5W-H5A 0.96 -0.97 
O5W-H5B 0.96 -0.97 
O6W-Rb1 × 
2 
3.48 × 2 -0.04 × 2  
O6W-H6A 0.96 -0.97 -2.02 
 
O6W-H6B 0.96 -0.97 
O7W-Rb2 
(quarter 
occupied) 
3.45 -0.01  
 
-1.96 
O7W-H7A 0.96 -0.97  
O7W-H7B 0.96 -0.97  
O8W-Rb1 3.24 -0.07  
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O8W-H8A 0.96 -0.97  
-2.02 
O8W-H8B 0.96 -0.97  
O9W-Co2 2.10 -0.34  
 
-1.92b O9W-Rb1 3.03 -0.12 
O9W-H9A 0.96 -0.97  
 O9W-H9B 0.96 -0.97 
bIn 2, the BVS value of O9W, −2.405, is greatly deviated from −2 unless it is assigned as 
a 50:50 mixture of water and hydroxide like O8W in compound I. 
 
3: Rb5.85[Zn0.4(H2O)0.45]2PMo7.55VIMo4.45VO40∙15H2O 
Bond type Bond 
distance 
Bond 
valence 
Mo6+ 
BVS for 
Mo6+ 
Bond 
valence 
Mo5+ 
BVS for 
Mo5+ 
Mo1-O4 1.70 1.77  
 
 
 
5.78 
1.64  
 
 
 
5.39 
Mo1-O2 1.91 0.97 0.91 
Mo1-O2 1.91 0.97 0.91 
Mo1-O3 1.94 0.90 0.84 
Mo1-O3 1.94 0.90 0.84 
Mo1-O1 2.39 0.27 0.25 
   Average 
BVS of 
Mo1: 5.78 
 Average 
BVS of 
Mo1: 5.39 
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Bond type Bond distance Bond valence P5+ BVS for P5+ 
P1-O1 1.58 1.05  
 
4.20 
P1-O1 1.58 1.05 
P1-O1 1.58 1.05 
P1-O1 1.58 1.05 
    
Bond type Bond distance Bond valence Zn2+ BVS for Zn2+ 
Zn1-O5W 
(15% 
occupied) 
1.75 0.13  
 
 
 
1.42 
Zn1-O5W 
(half 
occupied) 
1.75 0.13 
Zn1-O2 2.06 0.38 
Zn1-O2 2.06 0.38 
Zn1-O3 2.31 0.20 
Zn1-O3 2.31 0.20 
Zn2-O8W × 
12 
(1/3 
occupied) 
2.11 0.11 × 12 1.32 
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   Average BVS of Zn1 and 
Zn2: 1.37 
Bond type Bond distance Bond valence O2- BVS for O2 
O1-P1 1.58 -1.05  
O1-Mo1 × 3 2.39 × 3 -0.27 × 3 -1.85 
O2-Mo1 × 2 1.91× 2 -0.97 × 2  
O2-Zn1(5% 
occupied) 
2.06 -0.02 -2.00 
O2-
Rb2(35% 
occupied) 
3.07 -0.04  
O3-Mo1 × 2 1.94 × 2 -0.90 × 2  
O3-Zn1(5% 
occupied) 
2.31 -0.01 -1.84 
 
O3-
Rb2(35% 
occupied) 
3.06 -0.04  
O4-Mo1 1.70 -1.77 -1.95 
O4-Rb1 2.91 -0.18  
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O5W-Zn1 × 
2 (5% 
occupied) 
1.75 × 2 -0.02 × 2  
 
-1.99 
 O5W-H5A 0.96 -0.97 
O5W-H5B 0.96 -0.97 
O6W-Rb1 × 
2 
3.46 × 2 -0.04 × 2  
O6W-H6A 0.96 -0.97 -2.02 
 O6W-H6B 0.96 -0.97 
O7W-Rb1 3.08 -0.11  
 
 
-2.00 
O7W-
Rb3×3 
(30% 
occupied) 
3.28 -0.02×3 
O7W-H7A 0.96 -0.97 
O7W-H7B 0.96 -0.97  
O8W-Rb1 2.98 -0.14  
 
-2.42 
O8W-H8A 0.96 -0.97 
O8W-H8B 0.96 -0.97 
O8W-Zn2 2.11 -0.33 
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O9W-
Rb3×3 
(30% 
occupied) 
2.69 -0.09×3  
O9W-H9A 0.96 -0.97 -2.23 
 O9W-H9B 0.96 -0.97 
 
 
4: Rb5.85[Zn0.4(H2O)0.45]2PW7.55VIW4.45VO40∙15H2O 
Bond type Bond 
distance 
Bond 
valence W6+ 
BVS for 
W6+ 
Bond 
valence W5+ 
BVS for 
W5+ 
W1-O4 1.72 1.73  
 
 
5.75 
1.55  
 
 
5.16 
W1-O2 1.90 1.06 0.95 
W1-O2 1.90 1.06 0.95 
W1-O3 1.99 0.82 0.74 
W1-O3 1.99 0.82 0.74 
W1-O1 2.42 0.26 0.23 
   Average 
BVS of W1: 
5.75 
 Average 
BVS of 
Mo1: 5.16 
    
Bond type Bond distance Bond valence P5+ BVS for P5+ 
P1-O1 1.60 1.00  
4.00 P1-O1 1.60 1.00 
P1-O1 1.60 1.00 
P1-O1 1.60 1.00 
    
Bond type Bond distance Bond valence Zn2+ BVS for Zn2+ 
Zn1-O5W 
(15% 
occupied) 
2.10 0.05  
 
 
1.94 Zn1-O5W 
(15% 
occupied) 
2.10 0.05 
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Zn1-O2 1.86 0.66 
Zn1-O2 1.86 0.66 
Zn1-O3 2.21 0.26 
Zn1-O3 2.21 0.26 
Zn2-O8W × 
12 
(1/3 
occupied) 
 
2.14 
 
0.10 × 12 
 
1.20 
   Average BVS of Zn1 and 
Zn2: 1.57 
Bond type Bond distance Bond valence O2- BVS for O2 
O1-P1 1.60 -1.01  
O1-W1 × 3 2.42 × 3 -0.26 × 3 -1.78 
O2-W1 × 2 1.90 × 2 -1.06 × 2  
O2-Zn1(5% 
occupied) 
1.86 -0.03 -2.19 
O2-
Rb2(35% 
occupied) 
3.10 -0.04  
O3-W1 × 2 1.99 × 2 -0.82 × 2  
O3-Zn1(5% 
occupied) 
2.21 -0.01 -1.69 
O3-
Rb2(35% 
occupied) 
3.09 -0.04  
O4-W1 1.72 -1.73 -1.89 
O4-Rb1 2.94 -0.16  
O5W-Zn1 × 
2 (%5 
occupied) 
2.10 × 2 -0.02 × 2  
 
-1.98 
 O5W-H5A 0.96 -0.97 
O5W-H5B 0.96 -0.97 
O6W-Rb1 × 
2 
3.49 × 2 -0.04 × 2  
O6W-H6A 0.96 -0.97 -2.02 
 O6W-H6B 0.96 -0.97 
O7W-Rb1 3.13 -0.10  
 
-2.12 
O7W-
Rb3×3 
(30% 
occupied) 
3.18 -0.02×3 
O7W-H7A 0.96 -0.97 
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O7W-H7B 0.96 -0.97  
O8W-Rb1 3.00 -0.13  
 
-2.39 
O8W-H8A 0.96 -0.97 
O8W-H8B 0.96 -0.97 
O8W-Zn2 2.14 -0.31 
O9W-
Rb3×3 
(30% 
occupied) 
2.60 -0.12×3  
O9W-H9A 0.96 -0.97 -2.31 
 O9W-H9B 0.96 -0.97 
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These multinuclear -Keggin anions, according to the refined chemical formulae, are 
electronically reduced, where n = 4 in 1, 2.75 in 2, 4.45 in 3. 
The resulting solids exhibit extended linkages tuned by alkali-metal cations, A+. Figure 
3.5 illustrates the difference in framework dimensionality based on K- vs. Rb-incorporated 
two-dimensional (2D) tetragonal and three-dimensional (3D) cubic lattices, respectively. 
In the 2D tetragonal structure, the -Keggin cluster (middle) is capped by Co2+ linkers 
along a and b axes but by K+ along c thus adopting tetragonal symmetry (left) of 1. In 3D 
cubic, the linage is extended by Co2+ along all three axial dimensions thus cubic symmetry 
(right) of 2~4. The capping of the POM cluster is made through the bridging oxygens on 
the four-fold windows of -Keggin cluster in the form of Cu−O or otherwise K−O bonds.  
Due to the difference in these two types of bonding interactions, the frameworks are 
characterized as 2D for the K+-tuned tetragonal structure, as shown in Fig. 3.6 (left), as 
opposed to 3D for the Rb+-tuned cubic structure (right). The following paragraphs provide 
brief descriptions of the structures highlighting the corporative effect of chemical 
composition and framework variation for the charge neutralization of electrochemically 
reduced POM anions. The former also includes the assignments of hydrogen atoms based 
on bond distances and bond valence of respective oxide O2− anions (Tables 3.2 & 3.3). 
The title compounds distinctively exhibit a structure feature where the linkers (Fig. 3.7) 
bridging neighboring POM nodes are made of two Co-centered CoOn polyhedra denoted 
as POM−Co2−POM hereafter. It is known that, among the growing family of POM-
containing functionalized architectures, the single cation linker, M, in POM−M−POM 
linkage is commonly seen.iii This includes the linkage in the recently reported extended  
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Figure 3.4. A projected view of the partial structure of 1 highlighting a common 
linkage where POMo nodes of electronically reduced -Keggin clusters, 
[PMo12O40](n+3)−, are interlinked by dimeric Co−O linkers. The resulting framework 
exhibits channels where solvated K+ reside. 
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Figure 3.5. Alkali metal cation tuned 2D tetragonal (left) and 3D cubic (right) 
linkages, see text. 
  
 
+ K+ + Rb+ 
2D tetragonal 3D cubic 
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Figure 3.6. Partial structures highlighting the difference in 
dimensionality of 2D tetragonal (left) and 3D cubic (right) frameworks 
with respect to the interlinked POM−Co2−POM networks, solid green 
lines connecting the P (in PO4 tetrahedra) centers of -Keggin clusters, 
omitted for clarity. Green dotted lines highlight POM−K1−POM, see 
text. Hydrated K+ cations reside in between POM−Co2−POM slabs of 
the tetragonal structure while one of the two Co2+ cations in the cage 
of the cubic structure. 
87 
 
 
 
 
 
 
 
 
 
(a) (b) 
      
(c) (d) 
           
Figure 3.7. Interconnected POMo anions by dimeric Co−O units in (a) 
tetragonal 1 and (b) cubic 2 structures. (c,d) Close view of the 
respective dimeric units. 
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Figure 3.8. The Refinement of Structural Model for Rb−POW−Zn 4 
Structure refinement of 4 was performed by GSAS (general structure analysis system) 
method employing the structural model of 3. The plot shows a reasonable match (Rp 
= 3.22%, Rwp = 5.10%) between the observed and calculated intensity profiles. The 
bond distances and angles for 3 & 4 are given below for comparison. 
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frameworks via coordination assembly of Preyssler anions, [NaP5W30O110]14−.31 Thus far, 
there is little evidence showing the linkage made of fused dimeric unit. Meanwhile, dimeric 
transition-metal oxide polyhedral units have been most popularly seen as confined 
magnetic structures in the reported molecular and extended solids. iv In any event, the 
observed linkers contain oxygen-bridged cobalt cations where both Co2+ and O2− ions are 
partially residing in the respective crystallographic sites. The structural compositions of 
these otherwise [Co2On] dimeric linkers, as shown in Figs, 3.7c,d, are 
[Co2×½(O2)8×1(O8W)4×½] ( [Co1O10]) in 1 and  [Co2×¼(O2)4×1(O3)4×1(O5)2×½] ( 
[Co0.5O9]) in 2. It is noted that the bridging oxygen, O8W, in 1 was assigned to be 50:50 
H2O and OH−. Also, in 2, there are two independent crystallographic sites for the Co2+ 
cations. These include the quarterly occupied Co1 associated with dimeric unit and the 
fully occupied Co2 caged in the POM-Co2-POM cubic framework (Fig. 3.6, right). The 
CoCo distances for the fused CuOn polyhedra are 2.80 Å and 2.73 Å, respectively, 
comparable with those observed in the structurally confined transition metal oxides.43  
The POMo−K−POMo linkage observed in the tetragonal structure is made of KO8 
coordination environment (see Fig. 3.5, left) through the bridging oxygens of the third pair 
four-fold POMo windows. POMo−K1−POMo linkage replaces POMo−Co2−POMo to 
result in a shortened lattice dimension 10.5438(9) Å along the unique axis (c) of the 
tetragonal cell in 1 vs. 11.266(2) Å (half of the super cell dimension, 22.531(2) Å, of the 
cubic cell) in 2. The distance of eight equivalent K1−O1 bonds in the KO8 unit is 2.81 Å 
(Fig. 3.9), which is comparable with 2.89 Å, the sum of Shannon crystal radii of eight-
coordinate K+ (1.65 Å) and O2− (1.24 Å).v K1, with hydrated K2 and K4, resides in the 
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space (Fig. 3.7, left) between the stacked POMo−Co2−POMo slabs that are parallel to the 
(002) plane. This interslab distance along the dotted green lines in Figure 3.6 (left) is 3.12 
Å, the calculated vertical distance along c between layers of molybdyl oxygen atoms, O3. 
Lastly, compared to the POMo−Co2−POMo slab, which is made of covalent linkages, 
POMo−K−POMo presents more ionic character with respect to K−O bond and thus 
possibly the mobility of K+ ions in the interspace. 
The framework linkages observed in the title compounds are flexible and the 
dominance of covalently linked POM−M22+−POM vs. ionic POM−A+−POM can vary 
depending upon the value of the negative charges on the -Keggin anions, [PM12O40](3+n)−. 
When n increases upon the reduction of anionic cluster, more divalent M2+ cation will need 
to be incorporated to neutralize the negative charge of POM anion thus the dominance of 
POM−M22+−POM linkages, otherwise POM−A+−POM. When the anion remains fully 
oxidized (n = 0) in Rb7.55[Co0.25(H2O)2]2(OH)5.55PMo12VIO40∙7.45H2O41 acquired by reflux 
methods mentioned above, for instance, the extended framework exhibits only the 
POMo−Rb−POMo linkage, subsequently a 0.4% reduction in cubic cell dimension a = 
22.4346(9) Å as opposed to 22.531(2) Å of 2 (Figure 3.11). This probably also explains 
why the attempts for the K−M−POMo systems failed to result in crystals via reflux 
synthesis, the method only produces fully oxidized K−POMo−Co phase. If the fully 
oxidized phase (n = 0) were to result, its structure would be cubic because of the sole 
linkage of POMo−K−POMo, which may against the templating effect of potassium cations 
depicted above. 
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XPS Analysis of 1 and 2. The simultaneous reduction of -Keggin anion residing in 
1 and 2 is confirmed with respect to the oxidation state of molybdenum ion by X-ray 
photoelectron spectroscopy (XPS) and complementary BVS calculations. While the 
content of crystals was examined by the SEM and EDS analyses (Fig. 3.12), XPS analysis 
of molybdenum ions (Fig. 3.13,3.14) revealed the co-existence of Mo6+ and reduced Mo5+ 
oxidation states. The ratios of integrated respective peak areas were comparable with the 
ratio of Mo6+/Mo5+ in refined composition. The observed Mo 3d photoelectron spectra 
(black lines) of 1 (Fig. 3.13a) and 2 (Fig. 3.13b) are well matched with the composite 
spectra (red lines) of two deconvoluted 3d5/2-3d3/2 doublets of Mo6+ (pink) and Mo5+ 
(green). The respective binding energies are 232.42 eV/235.52 eV attributed to Mo6+ and 
231.25 eV/234.35 eV to Mo5+ in 1, and 232.40 eV/235.60 eV vs. 231.90 eV/235.10 eV, 
respectively, in 2. The integration of peak areas yielded comparable ratios of Mo6+ and 
Mo5+ with the stoichiometric ratios of the refined compositions (in parenthesis): 2:1 (= 8:4) 
and 3.36:1 (= 9.25:2.75). The Co 2p spectra (Fig. 3.14) along with calculated BVS 
indicated the oxidation state of Co2+. 
TGA/DSC of 1 and 2. The final structure solutions with respect to the stoichiometry 
of water and hydroxide anions were confirmed by thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) experiments with proton positions being proposed 
based on the BVSs of corresponding oxygen atoms (Table 3.3). Temperature-dependent 
PXRD patterns (Figs. 3.15a~3.15d) suggest the electronically reduced POMo cluster and 
therefore the framework connectivity remain intact up to 300 oC. This is possibly attributed 
to the rigidity of covalently bound inorganic linkers. The TGA curves (Figure 3.16) reveal  
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Figure 3.9. Additional Structural Features Associated with K+ in the Tetragonal Structure. 
(a) K1 along c via eight K1-O1 (2.81 Å) bonds, dashed lines. (b) Coordination 
environments of solvated potassium cations, K2 and K3, in the channel. There are three 
additional crystallographically independent potassium ions that are solvated by water 
molecules. Two of which (K2, K3) reside in the channel, while one, K4, not shown, in 
between the 2D networks residing directly under the bridging O8W with a long K−O 
distance 4.21 Å.  
  
(a) (b) 
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Figure 3.10. Additional Features Regarding the Extended Cubic Structure. 
(a) Projected view showing the partial structure of the 3D framework of 2. (b) A polyhedral 
view of the POMo cluster where the selected oxygen atoms of three- and four-fold 
windows are highlighted, see text. (c) A partial structure showing the 90o dihedral angle of 
the neighboring Co2−O5−Co2−O5 planes along the POMo−Co2O2−POMo linkage. (d) 
Solvated Co2 residing in the cubic cage of the POMo−Co−POMo framework. 
  (a) (b) (c) 
         
(d) 
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Figure 3.11. Comparison of Reduced vs Oxidized Rb−POMo−Co Crystal 
Structures 
The partial structures showing the linkages between [PMo12O40](3+n)− anions in (left) 
reduced Rb−POMo−Co 2 (n = 4.75) and (right) fully oxidized Rb−POMo−Co (n = 0)41 
compounds. The former reveals POMo−Co2−POMo while the latter POMo−Rb−POMo 
linkages resulting in a slightly change in cell dimensions (a = 22.531(2) Å vs 22.4346(9) Å, 
respectively), see text. 
 
Reduced Rb−POMo−Co 2: Rb3.75[Co(H2O)2.5(OH)]2PMo12O40∙13.65H2O 
Oxidized Rb−POMo−Co: Rb7.55[Co0.25(H2O)2]2(OH)5.55PMo12VIO40∙7.45H2O 
 
Reduced Rb−POMo−Co 2 Oxidized Rb−POMo−Co 
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Figure 3.12. SEM and EDS Analysis 
(a) SEM image of selected crystals (left) and EDS of a representative area of the 
crystal (right) of 1. The semi-quantitative elemental analysis shows the molar ratio 
of elements, 5 K : 2 Co : P : 12 Mo = 4.08 : 2.20 : 1.13 : 12.81. 
    
Element Weight % Weight % σ Atomic % 
Oxygen 45.109 1.063 79.778 
Phosphorus 1.240 0.204 1.133 
Potassium 5.638 0.281 4.080 
Cobalt 4.584 0.501 2.201 
Molybdenum 43.429 1.005 12.808 
 
(b) SEM image of selected crystals (left) and EDS of a representative area of the crystal 
(right) of 2. The semi-quantitative elemental analysis shows the molar ratio of elements, 
3.75 Rb : 2 Co : P : 12 Mo = 3.93 : 2.46 : 0.87 : 10.45. 
   
Element Weight % Weight % σ Atomic % 
Oxygen 46.575 1.192 82.293 
Phosphorus 0.949 0.257 0.866 
Cobalt 5.141 0.694 2.466 
Rubidium 11.875 0.607 3.928 
Molybdenum 35.460 1.123 10.448 
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Figure 3.13. XPS spectra of Mo 3d5/2-3d3/2 in (a) 1 and (b) 2. 
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Figure 3.14. Co 2p X-ray photoelectron Spectra 
(left) Co 2p spectra for 1 fitted with four peaks centered around 780.4 eV, 781.8 eV, 
784.7 eV and 787.1 eV. (right) Co 2p spectra for 2 fitted with four peaks centered 
around 780.4 eV, 781.7 eV, 786.0 eV and 790.3 eV. These deconvoluted peaks can be 
attributed to divalent CoO and Co(OH)2 
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weight loss in a single-step process from 25 °C to 300 °C due to the evaporation of 
crystalline water and the dehydration of hydroxide. DSC curves indicate the events of the 
respective decomposition followed by defragmentation of the POMo−Co2−POMo 
framework beyond 350 oC, as evidenced by PXRD patterns mentioned above. The 
TGA/DSC studied under flowing air exhibit a slight weight gain beyond 350 oC as expected 
due to the oxidation and decomposition of Mo5+ → Mo6+, according to the comparable 
observed vs. expected weight-gains. The upward trajectory of the TGA curves in Figure 
3.16a beyond 500 oC suggests possibly competitive oxidation and reduction as temperature 
goes higher. In summary, the weight (%) of residual products under nitrogen flow is 
85.56% (vs. 85.66% of theoretical value) for 1, and 86.55% (vs. 86.54%) for 2; under 
oxygen 87.05% (vs. 86.93%) and 87.45 % (vs. 87.37%), respectively. 
Conductivity Tests of 1 and 2. The conductivity of in situ pressed pellets of (i) as-
synthesized (i.e., fresh), (ii) vacuum dried, and (iii) dehydrated (pre-heated at 285 °C) 
samples of 1 and 2 sandwiched between two Ag-coated stainless-steel electrodes inserted 
inside a Teflon tube was determined from the current-voltage relationships recorded 
between –1 and +1 V at room temperature (Figure 3.17).28,29 It’s worth noting that while 
the PXRD profiles of as-synthesized and vacuum-dried 1 and 2 matched quite well with 
the corresponding simulated PXRD pattern, the crystallinity of dehydrated materials 
diminished significantly and indicated possible framework collapse (Figure 3.18). 
Nevertheless, all three of 1 displayed comparable conductivity values in the range of 10–5 
S/cm, with the dehydrated sample registering the lowest value among them. Since as-  
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Figure 3.15. Temperature-Dependent PXRD Patterns 
The temperature-dependent PXRD patterns of 1 (a,b) and 2 (c,d) showing the evidence of 
sustained lattices. 
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The progression of temperature dependent PXRD patterns (Figs. a~d) seemingly suggest 
that the electronically reduced POMo cluster and therefore the framework connectivity 
remain up to 300 oC. The extended thermal stability of POMo−Co2−POMo frameworks is 
possibly attributed to the linkage made of rigid inorganic linkers. 
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Figure 3.16.. The respective TGA/DSC of (a) 1 and (a) 2 under nitrogen (black/blue) 
and oxygen (red/purple) atmospheres. 
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synthesized and vacuum dried samples of 1 contained significant amount of H2O, their 
conductivities could be attributed to either H+ or K+ movement. On the other hand, the 
conductivity of less crystalline dehydrated 1 could mostly arise from K+ movement. In 
contrast, as-synthesized 2 containing substantial amount of H2O also displayed 
conductivity in the range of 10–5 S/cm, but its conductivity plunged more than 100 times 
upon vacuum drying and dehydration, indicating that the embedded H2O molecules played 
a major role on its H+ conductivity. The different conductivity of 1 and 2 can be attributed 
to their structural differences and how loss of H2O molecules affected their dehydrated 
structures. The 2D sheet-like structure of 1 is less prone to collapse upon dehydration and 
therefore, presumably allowed K+ movement within the layers, which helped retain its 
ionic conductivity in the dehydrated form. In contrast, the 3D cage-like structure of 2 was 
likely more prone to collapse upon H2O loss and therefore suffered more significant drop 
in conductivity. 
 
Conclusion 
In conclusion, the in-situ synthesis of covalently linked POMo-containing compounds 
was demonstrated showing the potential application of alternative driving force through 
electrochemical reaction for advanced materials synthesis and development. It is evident 
that applying electrode potential is necessary to overcome the barrier of activation energy 
for phase nucleation at room temperature and subsequently for crystal growth on electrode. 
Like conventional bench-top experiments, the simple two-electrode cell setup presented in 
this study allows for close observation and physical manipulation of the nucleation process. 
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Figure 3.17. The respective I-V curves of as-prepared (black), vacuum dried (red) 
and dehydrated (blue) samples of (a) 1 and (b) 2. 
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Figure 3.18. TGA and PXRD of Samples for Conductivity Measurements 
The TGA of as-synthesized (black), vacuum dried (at room temperature, red), and 
dehydrated (pre-heated at 285 °C, blue) samples of 1 (a) and 2 (b) reveal the respective 
thermal behaviors due to the loss of water under nitrogen upon heating to 285 oC. 
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PXRD patterns of 1 (c) and 2 (d). 
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With respect to parameters for compound formation, due to the color change of POM 
anions upon reduction, for instance, the initial voltage can be conveniently set at the point 
where the precursor solution becomes darkened around electrode. In addition, some of the 
tunable variables intrinsic to the chemical system can also be timely manipulated for an 
optimized crystal growth. The examined variables that will be used for the continued 
development in exploratory synthesis are pH of precursor solution, non-reducible 
electrolyte of A-site cation for structure tuning, redox active transition-metal cation to link 
POM clusters, and type of electrolyte to modify the counter electrode and voltage window. 
Complementary to the conventional synthetic methods, the electrochemical method 
facilitates the reduction reaction that is generally missing in current approaches for in-situ 
synthesis at low temperatures (60~180 oC) like those employed via self-assembly, reflux 
growth, and hydrothermal methods. Given the enhanced thermal stability of the resulting 
extended solids discussed in this study, we believe that the electrochemical approach has a 
proven advantage to construct new frameworks made of covalently linked POM anions 
that are otherwise sensitive to extreme conditions. We anticipate that advanced materials 
with novel functionalized architectures can result due to the convenience of the 
electrochemical method and its propensity to direct the synthesis of POM-containing 
materials with desired structure and property of technological importance. 
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CHAPTER FOUR 
 
ELECTROCHEMICAL SYNTHESIS OF DECAVANADATES- CONTAINING 
INORGANIC COMPLEX AND INORGANIC-ORGANIC HYBRID IN AQUEOUS 
SOLUTION 
 
 
IV-I: INORGANIC COMPLEX FEATUREING TETHERED [V10O28] CLUSTERS 
 
Abstract 
 
The single crystals with tethered decavanadate anions on copper-oxide chains, 
Cs4[Cu(OH)(H2O)3]8(H6V6IVV4VO28)(V10VO28) (1), were successfully grown 
electrochemically in aqueous solution. A cathodic reduction reaction was utilized to 
synthesize this electronically reduced decavanadate-containing compound. The uncommon 
copper hydroxide chains were formed interlinking mixed-valent (V4+/V5+) decavanadate 
clusters. A channel structure was revealed resulting from the packing of the tethered 
decavanadate clusters in an extended structure. 
 
Introduction 
The conventional synthesis of complex metal oxides containing POM anions has 
centered around hydrothermal and evaporative techniques1. High temperatures are required 
to overcome the activation energy barrier for the new compound formation and crystal 
growth. Using a newly developed electrochemical technique, we have demonstrated that 
crystal growth of complex oxides can be achieved by cathodic reduction of respective 
decavanadate anion on the electrode of electrochemical cell at room temperature in 
aqueous solution. The use of this one pot reaction under open atmosphere allows for direct 
observation of crystal growth, in contrast to the closed reaction vessel, let alone the 
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obstructive nature, of hydrothermal techniques. Furthermore, the technique does not 
require use of high temperature, which gives rise to the destructive nature to the structure 
of the thermally sensitive polyoxometalate structure. Instead, electrochemical energy has 
been employed as an alternative drive force to achieve phase nucleation and subsequent 
crystal growth. In addition, the technique occurs over a much shorter timescale compared 
to those employed in hydrothermal and evaporation methods. Further, the latter often 
yielded amorphous solids due to the lack of thermal energy for the growth of crystalline 
phases. The electrochemical technique employed in this study occurs in a capped 
scintillation vial to avoid the loss of solvent. Subsequently, it permits a complete reaction 
without losing the reactant(s) due to reprecipitation upon solvent evaporation. The copper 
chain structure is unique due to the extensive nature of the connectivity that may induce a 
pathway for electron delocalization and conductivity. It is attractive to explore complex 
oxides containing POV (polyoxovanadate) anions because the high redox potential of the 
decavanadate anion, [V10O28]6−, as demonstrated for greater capacitance in electrolytic 
applications.3 Polyoxometalate based materials with applications in conductivity have been 
seen in layered POMs on carbon nanotubes leading to an increase in charge capacity3. 
Other structures involving organic ligands and ionic liquids have been developed with 
conductive properties as well4,5. Therefore, we are exploring a new chemical system where 
the formation of covalent pathways is evident for electrically conductive properties. Using 
recently developed electrochemical crystal growth method aforementioned, we anticipate 
that the formation of covalently linked conducting structure is possibly more selective 
compared to other synthetic methods. 
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Synthetic procedures 
Na6V10O28 precursor was synthesized using literature methods and the crystalline phase 
was characterized by PXRD and 51V NMR, which demonstrated the presence of [V10O28]6- 
anions. The crystalline waters of Na6V10O28 were identified by thermogravimetric analysis 
(TGA). All other chemicals were employed as received from commercial producers. 
Cs4[Cu(OH)(H2O)3]8(H6V6IVV4VO28)(V10VO28) (1). Cu(NO3)2·3H2O (0.0483g, 
0.2mmol) and CsNO3 (0.0195g, 0.1mmol) were dissolved in 0.1M aqueous solution of KCl 
(15ml), and the pH was adjusted to 2.8-3.0 with 4M HCl. Then, the Na6V10O28·18H2O 
(0.0710g, 0.05mmol) was added to the solution. The mixture solution was transferred to a 
scintillation vial (20 mL) for electrolysis and crystal growth. Two silver wires (1.0 mm 
diameter, 7 cm length, 99% hardness) were dipped into the aforementioned electrolyte 
solution and connected to a DC current, serving as cathode and anode for crystal growth 
electrolytically. A constant voltage of 0.15 volt was applied across the electrodes in an 
initially clear orange color electrolyte solution. A dark green color evolved surrounding the 
cathode and later the entire solution. Without stirring, the color gradually became 
homogeneous in color in 2-3 hours until completely opaque. The electrolyte solution was 
electrodeposited for approximately 72 hours and the color of solution gradually changed 
back to orange in this process. The cathode which contains the green-hexagonal plate-shape 
crystalline product was raised out of solution and the crystals were retrieved after 
disconnecting electric power. The yield of the green plate crystals was 40%-45% based on 
POV salt. 
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Characterizations 
Powder X-ray diffraction was recorded on a Rigaku powder X-ray diffractometer with 
scanning rate 0.5°/min from five degrees to ninety degrees in two-theta. Thermal 
gravimetric analysis (TGA) and Differential scanning calorimetry (DSC) were performed 
from 25°C to 500°C on a TA Instruments SDT Q600 under a nitrogen flow of 10 mL/min 
with a heating rate of 10 °C/min. Scanning electron microscope (SEM) images and Energy-
dispersive X-ray spectroscopies (EDS) were obtained on a HITACHI TM3000 microscope 
performed at 15 kV. Cyclic voltammetry tests were performed by using a three-electrode 
system with a scan rate of 0.1V/s and recorded on a CHI 660D electrochemical 
workstation. X-ray photoelectron spectroscopy measurements were performed using a 
Kratos AXIS Ultra DLD XPS system with a monochromatic Al K source operated at 15 
keV and 150W and a hemispherical energy analyzer. The X-rays were incident at an angle 
of 45° with respect to the surface normal. Analysis was performed at a pressure below 
1x10-9 mbar. High resolution core level spectra were measured with a pass energy of 40 
eV and analysis of the data was carried out using XPSPEAK41 software. The XPS 
experiments were performed while using an electron gun directed on the sample, for charge 
neutralization. All samples were cleaned using Argon sputtering before the measurement 
for XPS. The XPS instrument is calibrated with C 1s spectrum. FTIR spectrum was 
obtained on NicoletIS 50 and Raman spectrum was performed with the power of 50mW 
and indene was used for calibration. 
Single-crystal X-ray diffraction was performed at 296K on a Bruker D8 X-ray 
diffractometer equipped with an Incoatec Mo Kα micro focus source (λ = 0.71073 Å) and 
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a Photon 100 CMOS detector. The crystal structure was refined and solved by full-matrix, 
least-squares techniques on F2 using the SHELXTL-2014/74 software package (Table 4.1). 
Final geometry calculations were carried out using PLATON. Hydrogen atoms of water 
molecules were placed and refined by calculating of WinGX with Q peaks of SHELXL. 
The final twelve water molecules were refined and confirmed as indicated by the TGA-
DSC experiments. The calculated morphology was generated using the Mercury program.5 
The refinement was also checked by PXRD (Figure 4.1). The experimental pattern 
compared with the calculated pattern well. (Fig 4.2a) 
 
Results and discussion 
Synthesis 
Prior to employing the electrochemical crystal growth technique, hydrothermal synthesis 
and evaporation of precursor solution were two common methods for synthesizing 
decavanadate-based crystals. To draw comparison, the precursor solution mentioned above 
was separately treated under hydrothermal conditions (160 ℃, 48 hours) and evaporated 
at room temperature without electrochemical treatment. The final products were small, 
platy, light orange crystals of trivanadate (CsV3O8) which were both obtained from 
hydrothermal treatment and evaporation reactions. It is noted that the conversion from 
decavanadate to trivanadate slowly occurs at room temperature but rapidly above 60℃. 
This phenomenon has suggested that decavanadate solution is metastable at room 
temperature in the presence of alkali metal ions and the CsV3O8 is the most stable phase in 
the system. Apparently, these two conventional methods of synthesis were not applicable 
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for getting decavanadate containing crystalline materials in the chemical systems 
incorporating multivalent transition metals and in the aforementioned precursor solution. 
Hence, electrocrystallization is a complementary method to synthesize the expected crystal 
structure. Silver wire played the role of both electrodes and reactant in the reaction to 
deposit AgCl film on anode. Nevertheless, cyclic voltammetry test was performed to screen 
the suitable voltage range of electrodeposition (Fig. 4.2b). With this technique, two peaks 
labeled A and B were attributed to the reduction of pentavalent vanadium and divalent 
copper ions, respectively. The final electrodeposition voltage range was selected to be 0.10 
V- 0.20 V. In order to acquire an in-depth understanding of the impact of electrodeposition 
voltage, 0.50 V and 1.0 V were applied for crystal growth but divalent copper ions were 
reduced to metallic copper eventually instead of forming any crystalline materials. This is 
consistent with the slightly positive electrolytic potential calculated for the cathodic 
reduction of Cu2+ vs. AgAgCl anode, Eo(Ag(s)  Cl−(aq)  AgCl(s)  Cu2+(aq)  Cu(s)  
Ag(s)) = −0.22 + 0.34 = 0.12 V. The applied potentials beyond this value will cause the 
reduction of Cu2+ ion and subsequently the deposition of copper metal as observed on the 
cathode. 
The pH range of the precursor solution was limited to 3-4, and serval experiments were 
carried out to investigate the impact of pH value on the formation of crystal. Chemically, 
green precipitate evolved in the precursor solution when the pH was above 4. The identity 
of this precipitate was studied using PXRD (Fig 4.3) and it was determined that the 
hydrolysis of pentavalent vanadium ions occurred with increasing pH and formed the 
mixture of Cu2V2O7, CuV2O6 and CsV3O8. An investigation of cyclic voltammetry for 
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Table 4.1. Crystallography data 
     Chemical formula                                Cs2Cu4V10O44H31 
fw (g/mol−1)                                            1764.39 
crystal system                                   orthorhombic 
space group                                     Cmmm (No. 65) 
temperature (K)                                      296K 
  a (Å)                                                        11.458(9) 
    b (Å)                                                        18.626(15) 
     c (Å)                                                        17.342(16) 
α (deg)                                                          90.0 
β (deg)                                                          90.0 
γ (deg)                                                          90.0 
V (Å3)                                                        3701(5) 
                                    Z                                                                      2 
ρcalc (g/cm−3)                                                3.111 
μ (mm−1)                                                      6.713 
         λ (Å)                                              0.71073 Å (Mo Kα) 
collected reflns                                            1330 
unique reflns (Rint)                                1888 (0.058) 
obsd reflns [I > 2σ(I)]                                  1271 
parameters                                                   203 
R(F)a [I > 2σ(I)]                                        0.0735 
wR(F2)b [all data]                                     0.2194 
GOF                                                             1.080 
aR(F) = Σ||F0 − Fc||/Σ|F0|. 
bwR(F2) = {Σ[w(F02 − Fc2)2]/Σ[w(F02)2]}1/2 
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Figure 4.1. Comparison of observed PXRD pattern and calculated PXRD pattern 
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precursor solutions with different pH values (1-4) was also performed (Fig 4.4). The results 
indicated that the reduction of pentavalent vanadium only occurred when pH was in the 
range of 2-4 and disappeared when the pH was 1. Four precursor solutions with different 
pH environments were loaded on the voltage of one volt in order to know if any different 
crystalline materials could be obtained. However, decavanadate anions were chemically 
decomposed6 when a pH environment lower than two was present and no crystals were 
obtained. It was observed that the suitable pH environment for the reaction concluded 
below needs to be limited to the range of 3-4. 4Cs++8Cu2++2V10O286-+6Ag(s)+6Cl-+32H2O
→Cs4[Cu(OH)(H2O)3]8(H6V6IVV4VO28)(V10VO28)+ 6AgCl(s)+2H+. We also investigated 
the impact of current. The current utilized for obtaining hexagonal-shaped crystals was 2.5 
mA, so the current was expanded to 5 mA, 10 mA and 15 mA, respectively. Green 
hexagonal-shape crystals were eventually obtained from all of the above trials with similar 
yields (20-30mg) and all obtained crystals yielded good qualities demonstrated by strong 
and clear diffraction spots of SXRD screening. Serval similar transition metals (MnII, CoII, 
NiII, and ZnII) were substituted for copper. Black crystals with block-shape morphology 
were obtained from all four of these  trials. These crystals adopt the same crystal structure 
with the general formula K2[M(H2O)6]V10O28·4H2O (M=Mn, Co, Ni, Zn).7-9 We also tried 
to replace cesium cation in the title compound with other alkali elements except francium. 
Unfortunately, we could not obtain any crystalline materials from these experiments. This 
could suggest that the ionic radius of alkali metal ions is critical to the formation of this 
crystal structure. The smaller interlayer alkali metal ions  (Li+, Na+, K+, Rb+) tend to be 
coordinated by less oxygens of the clusters. So, cesium might be the only alkali metal  
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Figure 4.2. (a) Plate-like crystals with hexagonal morphology. (b) Cyclic Voltammetry 
test of precursor solution using three electrodes system (Glassy carbon working 
electrode, Pt counter electrode and Ag/AgCl reference electrode, scan rate 0.1V/s 
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Figure 4.3. PXRD pattern of precipitate which was obtained when pH above 4. This 
precipitate can be attributed to the mixture of Cu2V2O7 (070-0831), CuV2O6 (074-2117) 
and CsV3O8 (073-1484). 
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Figure 4.4. Cyclic voltammetry of precursor solutions with different starting pH values. 
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which has the suitable radius to promote the crystal structure of the title compound. From 
this synthetic work, we have realized that given the complexity of the chemical system, the 
size effect of alkali metal cations may be incidental. 
 
Thermal behavior 
The thermal behavior of 1 was investigated with TGA/DSC (Fig. 4.5), which revealed 
that decomposition of the crystalline compound occurred via two mass loss stages. It was 
observed from the first decomposition where the compound lost 9% weight before 200 °C 
due to the loss of water molecules. There were two endothermic peaks observed in the DSC 
curve indicating the loss of crystalline water (4.03% theoretical weight) at 153 oC vs the 
decomposition of hydroxide group (3.78% theoretical weight) at 187 oC. The latter step is 
extended into the 200-300 oC region with the third endothermic peak appearing at 295 oC 
in the DSC curve. As shown in the inset of Figure 4.5, the clear green color of the crystal 
disappeared and became completely black upon heating beyond 200 °C. At ca. 300 °C, a 
completion of decomposition was observed, corresponding to a total weight loss of 12.99% 
which nearly corresponds to 12.23% the anticipated mass loss based on the refined 
structural formula, Cs4[Cu(OH)(H2O)3]8(H6V6IVV4VO28)(V10VO28). The process of 
releasing crystalline waters also showed that the thermal stability range of 1 extends to 
around 150 °C, according to the PXRD study below. At above 300 °C, there was no more 
mass loss but decomposition occurred into two ternary cesium vanadate with two 
endothermic events appearing in the DSC curve, indicating the melting and solidification 
of Cu2V2O7 and CsV3O8 (the reported melting point of Cu2V2O7 is less than 550 oC). The  
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Figure 4.5. TGA/DSC curves of crystal compound and photographs of crystals pre- & 
post dehydration. 
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Figure 4.6. (a) PXRD pattern with different heating temperatures for crystal compound. 
(b) PXRD pattern of final residual (top) and comparison to theoretical patterns (lines).   
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solidification in terms of recrystallization occurred at 429 oC and 468 oC, respectively,10 in 
the DSC curve upon cooling. Powder XRD patterns were acquired from the residues of the 
decomposition reaction at different temperatures under nitrogen gas flow (Fig 4.6a). Upon 
heating to 100 oC, the PXRD patterns of the starting material were apparently changed in 
relative intensities along with peak broadening while there is little shift in the diffraction 
lines suggesting the crystalline lattice remains and the [V10O28] cluster likely stays intact. 
All diffraction peaks disappeared at 200 °C and new peaks began to show indicating  
destruction of the original lattice. Judging from the onset of the sharp weight loss in the 
TGA curve, it was assumed that the fundamental framework of the compound in terms of 
the linkage was maintained up to 150 °C but collapsed thereafter. The overall weight loss 
in TGA corresponds to the release of nine crystalline water molecules. Accompanied with 
the PXRD patterns, the so-called dehydration reaction was completed by around 300 oC 
followed by melting of two known ternary phases (see DSC curve in Fig. 4.5). The final 
residuals were identified in the PXRD pattern as the mixture of monoclinic C2/c Cu2V2O7 
(PDF#: 073-1032) and P21/m CsV3O8 (PDF#: 086-2497), as shown in Fig. 4.6b. 
 
Crystal structure 
The decavanadates-based compound, Cs4[Cu(OH)(H2O)3]8(H6V6IVV4VO28)(V10VO28) 
(Z = 2), crystallized in an orthorhombic space group Cmmm. The unit cell contains two 
ordered decavanadate anions (V10O28)6-, two multivalent hydro-decavanadate anions 
(H6V6ⅣV4ⅤO28)6-, sixteen [Cu(OH)(H2O)3]+ moieties and eight independent monovalent 
cesium cations. The structure features tethered [V10O28] clusters with respect to its linkage 
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onto the parallel [CuO2] chains extending along a, see Figure 4.7a. One of the two 
structural units with respect to the decavanadate anions is ordered and located on the central 
axis, as shown in red frame of Figure 4.7b. Each ordered decavanadate cluster (Fig. 4.7b, 
right) consisting of ten edge-shared {VO6} octahedra adopts D2h symmetry. Six {VO6} 
units were arranged in a rectangular array sharing trans edges of octahedra. Other four 
{VO6} cap the top and bottom of the rectangular array via sharing cis edges. The bond 
distances of V-O (V1, V2, V3) (Table 4.2) of ordered decavanadate anions, 
1.608(7)~2.343(8) Å, are within reasonable range of previously reported values for the 
fully oxidized [V10O28]6− cluster.11 Two cesium atoms (Cs1) were located between each 
two ordered decavanadate clusters and coordinated with eight oxygens of cluster. The bond 
distances of Cs1-O, 3.05-3.41 Å (Table 4.3), are consistent with, 3.12 Å, the sum of 
Shannon crystal radii of r(Cs+, VIII) = 1.88 Å and r(O2−, VI) = 1.24 Å.12 The second unique 
decavanadate cluster was disordered and observed on either sides of the ordered array 
mentioned above (green frames in Figure 4.7b). The disordered clusters consist of {VO6} 
units centered by V4, V5, V6, and V7. The thermal parameters of V5, V6, and V7 were 
only sensible when all of them were defined as half occupied atoms. The second cesium 
atom, Cs2, is located between disordered clusters (Fig. 4.7c). These clusters were regarded 
as positional disordered. One of which was selected to show in the drawing of Figure 4.7b, 
while two types of positional disordered clusters were shown with respect to the unit cell 
box, which is highlighted in solid lines. From the left-hand figure, two cesium atoms (Cs2) 
were observed at the left side of unit cell with decavanadate clusters. The one on the right-
hand was the other 50% of the positional disorder cluster, and it could be regarded as the 
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statistically populated cluster as the one on the left-hand side. The average V(4,5,6,7)-O 
bond distances are 1.68 Å for the V=O and 1.99 Å for the V-O bonds, which are slightly 
longer than 1.60 Å and 1.96 Å of the V(1,2,3)-O bonds due to the electronic reduction of 
the former, see discussions below. 
The oxidation states of vanadium cations are evaluated theoretically by the bond 
valence sum calculations13 taking into account the above mentioned disordered clusters, 
followed by XPS investigations. Bond valence sums (Table 4.2) for V1, V2, V3 and V4 
are V5+ and V5, V6, V7 are V4+. The result suggests that the disordered cluster consists of 
mixed-valent vanadium V5+/4+. 
Subsequently, X-ray photoelectron spectroscopy (XPS) was employed to quantitively 
confirm the result of the bond valence sum in the structural formula 
Cs4[Cu(OH)(H2O)3]8(H6V6IVV4VO28)(V10VO28). Argon sputtering with a KE (Kinetic 
Energy) of 300eV was performed on the sample for surface cleaning and removing 
contaminants before data collection. Considering the reduction impact on testing sample 
from argon sputtering, subsequent XPS test was carried out twice and the final ratios of 
V5+ and V4+ based on the integrated intensity were almost the same (71.6%:28.4% vs 
72.4%:27.6%). The survey scan shown in Figure 4.8a indicated that all the expected 
elements were identified. C 1s was attributed to the adventitious carbon (284.8 eV) on the 
surface of the sample. The other elements were the components of crystal compound. In 
Figure 4.8b, we observed the O 1s peak and the V 2p peak. The latter was a doublet 
consisting of the V 2p3/2 and the V 2p1/2 (these two V 2p contributions were considered one 
doublet peak). The V 2p peak at 517.1 eV and 516.3 eV can be attributed to V5+/V4+ of 
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(a) 
 
(b) 
 
(c) 
            
Figure 4.7. (a) Ball-and-stick model showing tethered [V10O28] clusters between two parallel 
coper-oxide chains extending along a. (b) Projected view along a showing the relative positions 
of ordered (red rectangle frame) and disorderedd (green frame) [V10O28] units. The cesium ions 
are linking ordered polyhdral [V10O28] units. (c) Two statistical positions of disordered clusters 
of (H6V6ⅣV4ⅤO28)6- in the unit cell. 
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Figure 4.8. (a) Survey scan of testing sample and C 1s, V 2p, O 1s, Cs 3d and Cu 2p 
were found. (b) XPS peaks of O 1s and V2p. (c) XPS peaks of Cs 3d. (d) XPS peaks of 
Cu 2p. 
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decavanadate clusters, respectively. The O 1s peak was deconvoluted into two components, 
one for copper oxide and one for the {VO6} monomers. According to the refinement of the 
crystal compound, the pentavalent vanadium and tetravalent vanadium were theoretically 
defined with the ratio of 7:3. It is consistent with the results of XPS as shown in the ratios 
mentioned above. The copper hydroxide chains were coordinated with ordered and 
disordered decavanadate clusters and located on both sides of clusters as shown in Figure 
4.7a. Copper hydroxide chains centered by Cu1 and Cu2 are coordinated with ordered 
clusters, and the rest of the copper hydroxide chains Cu3 are coordinated with disordered 
clusters. It should be noted that all coppers were refined with a half occupied state, which 
means the copper hydroxide chains were not coherent. Therefore, four possible 
constructions of copper hydroxide were proposed (as shown in Figure 4.9, right). The 
construction of type I consists of two chains with four {Cu(H2O)4} moieties, type II and 
type III both have one chain with a {Cu(OH)(H2O)2}2 and another one with two 
{Cu(H2O)4} moieties, two free crystalline water molecules were observed between the 
moieties of {Cu(OH)(H2O)2}2. Type Ⅳ contains two chains with {Cu(OH)(H2O)2}2. 
Hence, three possible chemical formulas, Cs2[Cu(H2O)4]4(H3V7ⅣV3VO28), 
Cs2[Cu(OH)0.5(H2O)3.5]4(H3V5ⅣV5VO28), Cs2[Cu(OH)(H2O)3]4(H3V3ⅣV7VO28) were 
derived from above proposed models. According to the XPS result and TGA/DSC curves 
mentioned above, type IV resulted in Cs2[Cu(OH)(H2O)3]4(H3V3 Ⅳ V7VO28) with a 
consistent ratio of V5+ and V4+ and mass percent of water molecules. As shown in Figure 
4.8d, XPS also helped us detect two Cu 2p doublets peaks. The Cu 2p doublets can be 
attributed to the two states of copper. The copper state at 931 eV could be due to the copper 
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near cesium and the copper at 934 eV could be Cu(OH)2. (It should be noted that Cu 2p for 
Cu+ is 932.18 eV different than these two values.) EDS was also performed to confirm the 
ratio of metallic elements of crystal compound with 4.8(V):2.0(Cu):1.1(Cs) (Figure 4.10), 
which is closely comparable with 10:4:2 of the theoretical chemical formula. In terms of 
above analysis, type IV (red circle-frame of Figure 4.9) could be the correct construction 
of copper hydroxide chains. Free crystalline waters played the role of bridging 
{Cu(OH)(H2O)2}2 moieties by hydrogen bonds. However, the reason for forming the 
structure of type IV instead of coherent copper oxide chains has not been fully understood.  
 
 
 
 
 
 
Figure 4.9. Statistic copper hydroxide chains with four possible construction 
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Electron Image 
Image Width: 1.067 mm 
 
 
Acquisition conditions 
Acquisition time (s)  15.0  Process time  5 
Accelerating voltage (kV) 15.0 
 
 
Quantification Settings 
Quantification method All elements (normalised) 
Coating element None 
 
Summary results 
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Element Weight % Weight % σ Atomic % 
Oxygen 21.352 3.731 52.848 
Vanadium 36.154 2.291 28.104 
Copper 19.638 2.181 12.239 
Cesium 22.856 1.990 6.810 
 
Figure 4.10. EDX information. 
 
 
Table 4.2. Bond Valence Sum (BVS) of the title compound 
Atoms Bond 
distance 
Bond 
valence for 
V5+ 
BVS for V5+ Bond 
valence for 
V4+ 
BVS for V4+ 
V1-O6 1.608(7) 1.69  
 
 
5.07 
1.61  
 
 
4.81 
V1-O4 1.810(5) 0.98 0.93 
V1-O4 1.810(5) 0.98 0.93 
V1-O1 2.017(4) 0.56 0.53 
V1-O1 2.017(4) 0.56 0.53 
V1-O2 2.263(3) 0.29 0.27 
V2-O7 1.585(8) 1.80  
 
 
5.05 
1.71  
 
 
4.80 
V2-O3 1.806(5) 0.99 0.94 
V2-O4 1.894(6) 0.78 0.74 
V2-O4 1.894(6) 0.78 0.74 
V2-O5 2.093(7) 0.46 0.43 
V2-O2 2.343(8) 0.23 0.22 
V3-O5 1.688(7) 1.36  
 
 
5.00 
1.30  
 
 
4.75 
V3-O5 1.688(7) 1.36 1.30 
V3-O1 1.942(7) 0.69 0.65 
V3-O1 1.942(7) 0.69 0.65 
V3-O2 2.098(7) 0.45 0.43 
V3-O2 2.098(7) 0.45 0.43 
V4-O9 1.826(6) 0.94  
 
 
4.66 
0.89  
 
 
4.43 
V4-O9 1.826(6) 0.94 0.89 
V4-
O11 
1.849(8) 0.88 0.84 
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V4-
O10 
1.852(7) 0.88 0.83 
V4-O8 2.052(7) 0.51 0.49 
V4-O8 2.052(7) 0.51 0.49 
V5-O9 1.811(7) 0.98  
 
 
4.03 
0.93  
 
 
3.82 
V5-O9 1.811(7) 0.98 0.93 
V5-
O14 
1.930(1
1) 
0.71 0.67 
V5-
O14 
1.930(1
1) 
0.71 0.67 
V5-O8 2.217(7) 0.33 0.31 
V5-O8 2.217(7) 0.33 0.31 
V6-
O11 
1.916(6) 0.74  
 
 
4.61 
0.70  
 
 
4.38 
V6-
O11 
1.916(6) 0.74 0.70 
V6-
O14 
2.010(1
0) 
0.57 0.54 
V6-
O14 
2.010(1
0) 
0.57 0.54 
V6-
O13 
1.610(1
5) 
1.69 1.60 
V6-O8 2.235(7) 0.31 0.30 
V7-
O12 
1.601(1
4) 
1.73  
 
 
4.63 
1.64  
 
 
4.40 
V7-
O10 
1.908(6) 0.75 0.72 
V7-
O10 
1.908(6) 0.75 0.72 
V7-
O14 
2.025(1
0) 
0.55 0.52 
V7-
O14 
2.025(1
0) 
0.55 0.52 
V7-O8 2.251(7) 0.30 0.28 
Average oxidation state 4.72  4.48 
 
Atoms Bond distance Bond valence for 
Cu2+ 
BVS for Cu2+ 
CU1-O15 1.972(6) 0.45  
 
1.91 
CU1-O15 1.972(6) 0.45 
CU1-O17 1.982(6) 0.44 
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CU1-O17 1.982(6) 0.44 
CU1-O5 2.441(8) 0.13 
CU2-O16 1.961(6) 0.47  
 
1.97 
CU2-O16 1.961(6) 0.47 
CU2-O17 1.980(6) 0.44 
CU2-O17 1.980(6) 0.44 
CU2-O7 2.387(4) 0.15 
CU3-O18 1.924(6) 0.52  
 
1.93 
CU3-O19 1.958(6) 0.47 
CU3-O18 2.014(7) 0.40 
CU3-O20 2.020(7) 0.40 
CU3-O9 2.411(6) 0.13 
Average Oxidation state 1.94 
 
Bond type Bond valence BVS 
POV cluster oxygens 
O1-V3 -0.69  
-1.81 O1-V1 -0.56 
O1-V1 -0.56 
O2-V3 -0.45  
 
 
-1.94 
O2-V3 -0.45 
O2-V1 -0.29 
O2-V1 -0.29 
O2-V2 -0.23 
O2-V2 -0.23 
O3-V2 -0.99  
 
-2.26 
O3-V2 -0.99 
O3-Cs1 -0.14 
O3-Cs1 -0.14 
O4-V1 -0.98  
-1.83 O4-V2 -0.78 
O4-Cs1 -0.07 
O5-V3 -1.36 -1.82 
O5-V2 -0.46 
O6-V1 -1.69 -1.82 
O6-Cs1 -0.13 
O7-Cu2 -0.15 -1.95 
O7-V2 -1.80 
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O8A-V4 -0.51  
 
 
-2.29 
O8A-V4 -0.51 
O8A-V5 -0.33 
O8A-V5 -0.33 
O8A-V6 -0.31 
O8A-V7 -0.30 
O8B-V4 -0.51  
 
-1.38 
O8B-V4 -0.51 
O8B-Cs2 -0.18 
O8B-Cs2 -0.18 
O9A-V5 -0.98  
-2.06 O9A-V4 -0.94 
O9A-Cu3 -0.14 
O9B-V4 -0.94 -1.08 
O9B-Cu3 -0.14 
O10-V4 -0.88  
-1.74 O10-V7 -0.75 
O10-Cs2 -0.11 
O11-V4 -0.88  
-1.72 O11-V6 -0.74 
O11-Cs2 -0.10 
O12-V7 -1.73 -1.85 
O12-Cs2 -0.12 
O13-V6 -1.69 -1.82 
O13-Cs2 -0.13 
O14-V5 -0.71  
-1.83 O14-V6 -0.57 
O14-V7 -0.55 
Copper Chain oxygens 
O15-Cu1 -0.23 -0.46 
O15-Cu1 -0.23 
O16-Cu2 -0.23 -0.46 
O16-Cu2 -0.23 
O17-Cu2 -0.22 -0.44 
O17-Cu1 -0.22 
O18-Cu3 -0.20 -0.40 
O18-Cu3 -0.20 
O19-Cu3 -0.24 -0.48 
O19-Cu3 -0.24 
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O20-Cu3 -0.20    
-0.40 O20-Cu3 -0.20 
 
Table 4.3. Additional information about selected bond distances and angles  
Bond type Bond length Bond type Bond length 
Cs-O bond 
Cs1-O3 3.151(6) Cs1-O3 3.151(6) 
Cs1-O6 3.172(7) Cs1-O6 3.172(7) 
Cs1-O20 3.305(9) Cs1-O20 3.305(9) 
Cs1-O4 3.408(5) Cs1-O4 3.408(5) 
Cs1-O4 3.408(5) Cs1-O4 3.408(5) 
Cs2-O8 3.054(8) Cs2-O8 3.062(8) 
Cs2-O13 3.178(16) Cs2-O12 3.195(15) 
 
Bond type Bond angles Bond type Bond angles 
O15-Cu1-O15 86.2(4) O15-Cu1-O17 171.5(3) 
O15-Cu1-O17 93.0(3) O15-Cu1-O17 93.0(3) 
O15-Cu1-O17 171.5(3) O17-Cu1-O17 86.6(4) 
O16-Cu2-O16 85.2(4) O16-Cu2-O17 174.6(3) 
O16-Cu2-O17 93.8(3) O16-Cu2-O17 93.8(3) 
O16-Cu2-O17 174.6(3) O17-Cu2-O17 86.6(4) 
O16-Cu2-O7 91.9(3) O16-Cu2-O7 91.9(3) 
O17-Cu2-O7 93.5(3) O17-Cu2-O7 93.5(3) 
O18-Cu3-O19 174.6(3) O18-Cu3-O18 86.1(3) 
O19-Cu3-O18 95.3(3) O18-Cu3-O20 90.9(3) 
O19-Cu3-O20 86.8(3) O18-Cu3-O20 170.2(3) 
O18-Cu3-O9 91.2(2) O19-Cu3-O9 94.0(3) 
O18-Cu3-O9 90.8(2) O20-Cu3-O9 98.6(3) 
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Figure 4.11. (a) FTIR of decavanadate-based crystal compound 1. (b) Raman spectra of 
the title compound (red line) and, for comparison, Na6V10O28 (black). 
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FTIR and Raman spectrum 
The infrared and Raman spectra of decavanadate-based crystalline compound were 
provided in Figure 4.11. The Raman spectra of sodium decavanadate was included as a 
reference in Figure 4.11b. The lattice water absorption band was observed at around 3200 
cm-1 as well as the hydrogen bonded hydroxyl group at 1680 cm-1, which demonstrated  the 
existence of water in crystal structure. The sharp peak at 1000-950 cm-1 displayed the 
terminal V=O stretching band and the corresponding Raman peaks could be identified at 
953 and 943 cm-1 of Na6V10O28 spectrum. It should be noted that the peak of terminal V=O 
stretching of crystal compound has a relatively strong intensity and obvious red shift as the 
bond length is extended due to electronically reduced [V10O28] anion. We attributed that to 
the terminal oxygens (V7=O12 & V6= O13) with half occupied state since the disordered 
decavanadate cluster mentioned above (Figure 4.7b). The IR peaks at 820-732 cm-1 
correspond to symmetric/asymmetric stretching of bridge V-O-V which were also 
observed at 590 cm-1 and 839 cm-1 of Raman spectra. However, a sharp Raman peak 
appeared at 710 cm-1 for the title compound with strong intensity attributing to the 
symmetric vibration of V5-O14-V7 and V5-O14-V6 of the half occupied state. The two 
peaks which are around 300 cm-1 on Raman spectrum can be attributed to V-O-V bending. 
These two peaks were very small on the Raman spectrum of crystal compound due to 
coverage caused by two strong peaks of CuO and Cu(OH)2 at 375 cm-1 and 490 cm-1, 
respectively. 
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IV-II: DECAVANADATE-BASED INORGANIC-ORGANIC HYBRID 
 
Abstract 
 
A new crystal structure based upon the decavanadate anion [(V10O28)6-], with formula 
K2[Cu(H2O)(C6H15NO3)]2(H2V8VV2IVO28)∙2H2O (2) has been obtained via the 
electrochemical crystal growth method explored in complex oxide systems. Once again, 
the technique is most remarkable due to the mild synthetic conditions allowing for 
synthesis of complexes based upon thermally instable polyoxometalate (POM) anions that 
cannot be synthesized by conventional hydrothermal methods while maintaining the 
plenary POM structure. Furthermore, adaption of the technique allowed incorporation of a 
triethanolamine-copper complex as a second building unit (SBU) for the exploration of 
inorganic-organic hybrid via electrochemical methods. Interestingly, the title compound 
cannot be obtained via conventional evaporation methods either, emphasizing the unique 
nature of the synthetic method due to electroreduction. Complexation of copper occurs via 
a tetradentate coordination by triethanolamine (TEA, N(C2H4OH)3) allowing for a 
remaining coordination site of copper to bind water for hydrogen bond to connect between 
SBUs of [Cu(TEA)H2O]2+ and protonated [H2V10O28]6− giving rise to the packed structure 
of 2. 
 
Introduction 
Metal-organic frameworks (MOFs) are a marriage between organic and inorganic 
chemistry in which organic ligands coordinate with metal centers to form a framework as 
the name suggests. Since the first reported MOF by Yaghi’s group in 1999, the field has 
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witnessed many advancements. Yaghi et al have been reported to have synthesized an 
excessive number of MOFs themselves. MOFs are renowned for their record breaking 
surface area and porosity, with an average surface area of 1000 to 10,000 m2/g.14 MOFs 
have demonstrated their value as functional materials with applications such as in gas 
separation, gas storage, gas purification, and heterogenous catalysts. Such gas purification 
and storage applications have mostly arisen due to their surface area and porosity, allowing 
greater efficiency in separation of pollutants such as sulfur in fuels and carbon dioxide and 
carbon monoxide in the atmosphere.15 Due to the tunable nature of MOFs, the structures 
can be designed to be more selective for one gas over another, such as selectivity of carbon 
dioxide over methane, by adjusting open metal coordination sites. The MOFs with open 
metal sites can aid in the separation of polar/non-polar gas pairs.16  
While many improvements have been made in the field of MOF preparation, 
characterization, and application, it is our hope to extend this prosperity to the sub-field of 
polyoxometalate-organic frameworks (POMOFs) by employing polyoxometalate (POM) 
anionic clusters as a node instead of metal cation for the construction of extended 
framework structures. Much research has been performed on the properties of POMs, the 
structures alone have inspired their own sub-field of inorganic research with applications 
influenced heavily by their unique electronic properties. Katsoulis reports in an extensive 
review applications of POMs involving the usage in membranes for electrochemical fuel 
cells, gas sensors, solid-state electrochromic devices, and etc.; perhaps the most interesting 
application is their use as a dopant in electronically conductive polymers.17 
Electrochemical oxidation of monomer such as pyrrole is commonly utilized to produce 
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these conductive polymers, in which the POM serves as an electrolyte, deposits on an 
working  electrode doped with heteropolyacid anions. 
It is for these reasons, MOFs and particularly POMOFs are of interest to our group. 
The interesting redox properties of POMs paired with promising control of design and 
uniqueness in framework provide inspiration for our research into development of new 
functional materials. The electrocrystallization using platinum wires previously reported 
in the synthesis of conducting radical salts based upon Keggin-type POMs and perylene18,19 
has been employed in our study but failed to yield crystal growth. Complexation of copper 
with the tetradentate triethanolamine (TEA) molecule was formed in situ. By employing 
silver electrode, the reaction is followed by electrochemical synthesis in the presence of 
polyoxovanadate and potassium chloride. Utilizing this new technique, a new crystal 
structure has been obtained by our group with an inorganic framework with organic 
complexation. 
 
Synthetic procedures 
Reagents used for synthesis include deionized water, copper (II) nitrate trihydrate, 
potassium chloride, sodium decavanadate, triethanolamine, and hydrochloric acid. Except 
sodium decavanadate that was synthesized in our laboratory, all chemical used are as 
received without further purification. Synthesis of sodium decavanadate (POV) involves 
addition of 3g of sodium metavanadate to 200 mL of deionized water, the initial pH of this 
solution was 8.76, this was then followed by addition of 4M HCl to lower the pH to 4.8. 
The solution was stirred overnight, then filtered, followed by another addition of HCl to 
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further lower to a pH of 4.5. Finally, 200 mL of 95% ethanol was added, forming an orange 
precipitate, Na6V10O28, which was isolated via water aspirator filtration and air dried prior 
to use. Synthesis of the title crystal involved in the addition of 15 mL H2O, 0.2 mmol 
Cu(NO3)2∙3H2O, 1.5 mmol KCl, and 0.12 ml of 4M HCl into a beaker. This solution was 
then stirred and two drops of TEA was added via glass pipette to the beaker, immediately 
a color change to blue is noticed. Lastly, 0.05 mmol of POV compound was added to the 
beaker and the solution was left to stir for around 10 minutes. It should be noted that the 
formation of precipitate at this step is likely if POV is added before other components or 
sufficient amounts of acid are not added. Care must be taken as a strongly acidic solution 
may serve to decompose the POV structure while a weakly acidic solution may serve to 
form an insoluble precipitate. This solution was then added to a scintillation vial and placed 
in a clamp for electrolysis. The electrochemical apparatus consists of an EVENTEK DC 
power supply, two alligator clip leads, and two ~5-7 cm 99.9% Ag wire 0.05 mm in 
diameter. The silver electrodes were placed in the alligator clips and submerged into 
solution. Electrolysis was then begun by powering on the DC power supply and adjusting 
the applied potential to ~0.2 V. The solution was then electrolyzed in this manner for ~3 
days after which a color change was observed and crystals were visible on the cathode. The 
cathode was then rinsed thoroughly with deionized water and dried under a nitrogen 
stream. The crystals were then scraped off of the cathode and utilized for characterization. 
Evaporative synthesis was attempted using the precursor solution mentioned above, 
resulting in no growth of the title compound. Evaporative synthesis involved the synthesis 
of the same synthetic solution, however, electrodes were immersed in solution with no 
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potential being applied, this system was left in a fume hood for evaporation. This approves 
that the application of electrolysis is necessary for the crystal growth of the title compound.  
Characterizations 
Single-crystal X-ray diffraction (SXRD) data collection was performed at 174K on a 
Bruker D8 X-ray diffractometer equipped with an Incoatec Mo Kα micro focus source (λ 
= 0.71073 Å) and a Photon 100 CMOS detector. The data was processed via the 
SHELXTL4 software package with full-matrix, least-squares technique on F2. A Rigaku 
powder X-ray diffractometer was utilized with a scanning rate of 0.5̊/min from five to 
ninety degrees in 2-Theta. A TA Instruments SDT Q600 under a nitrogen flow of 100 
mL/min with a heating rate of 10 °C/min was applied for thermal gravimetric analysis 
(TGA) and differential scanning calorimetry (DSC) tests. X-ray photoelectron 
spectroscopy (XPS) analysis was performed on a PHI 5000 VersaProbe III Scanning XPS 
with AES utilizing and X-ray source: Al 1486.6 eV mono at 24.5 W with a Beam diameter: 
100.0 µm. Surface cleaning of the title crystals was performed twice via Ar+ Sputtering 
(500 V) for 10 minutes before the XPS tests, all XPS data was calibrated based on the C1s 
binding energy. A SHIMADZU UV-3600 was utilized with scanning range of 240nm-
1600nm and barium sulfate was pressed into a pellet and utilized as the background.  
 
Results and discussion 
Synthesis 
As discussed in the synthetic procedure, a pH range with ceiling ~6.5 is desirable during 
synthesis as vanadium oxides are known to form various structures dependent on 
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concentration and pH of solution. Use of TEA, a strong base, requires careful adjustment 
of pH to maintain the integrity of the [V10O28]6- anion.20 A typical synthesis yields solution 
with pH~3.1 prior to electrolysis, during which the solution evolves a dark green color due 
to cathodic reduction of POV. Furthermore, consideration into electrode materials must be 
taken as inert electrodes such as platinum will not yield the desired product. In the case of 
using a platinum anode and silver cathode, no crystal growth was obtained and no color 
change was observed. The anode utilized must be of low reduction potential compared to 
the applied voltage as the electrochemical pathway relies on oxidation of the anode species 
in the presence of Cl− anion, e.g., Ag + Cl− → AgCl + e−. For this reason, silver was selected 
as both electrodes as oxidation occurs forming silver chloride with characteristic half-cell 
potential Eº1/2 = -0.22 V. 
Cyclic voltammetry (CV) experiments (Fig 4.12) were performed to explore the 
appropriate redox voltage of the synthetic solution, particularly, to find the potential that 
needs to be applied to the synthetic solution to acquire crystal growth. Standard reduction 
potential table and CV analysis reveal that reduction of Cu2+/Cu+ and V5+/V4+ is 
spontaneous with respect to oxidation of silver electrodes in solution. It is inferred that the 
electrochemical process utilized for synthesis is only actually accelerated through 
application of potential. Vanadium appears to be preferentially reduced and in the case of 
low potentials. AgCl forms a passivating layer preventing further oxidation of the silver 
anode. Hence, copper ions in the solution remain divalent instead of being reduced. 
However, once higher potential (>0.35V) is applied the divalent copper ions still will be 
forcibly and completely reduced by electrochemical forces, resulting in copper metal 
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plating the cathode hindering the formation of crystals. Synthetic method proves selective 
for the title crystal as, due in part to missing the needed reduction power, traditionally 
utilized evaporative and hydrothermal techniques have not been successful for the 
synthesis of 2. As discussed, hydrothermal synthesis is considered to be too harsh to 
maintain the plenary decavanadate structure. Furthermore, bottom up synthesis has not 
been successfully utilized to obtain the title crystal. Therefore, it prevents the use of 
hydrothermal synthesis with other vanadium oxides. Another traditional crystal growth 
technique by evaporation method has not been successful either in our system due to, like 
using hydrothermal method, the need for reduction of vanadium as previously described is 
missing. As crystal growth appears to be dependent on reduction of vanadium, evaporative 
synthesis is only viable if chemical reduction is utilized. Remarkably, the electrochemical 
approach proves more useful for crystal design as starting materials can be directly related 
to the final structure owing to the non-destructive nature of the technique at room 
temperature. This allows a greater predictability of crystal structure, something that proves 
challenging in traditional hydrothermal or solvothermal synthesis due to aforementioned 
thermal decomposition.21, 22 While crystal structures may prove more predictable than other 
methods due to retention of plenary POM structures, an issue of selectivity for transition 
metal centers instead exists in the technique.  
The electrochemical crystal growth apparently only worked for the Cu-containing 
system due to the special electronic structure of Cu2+ d9 cation. Trial reactions involving 
various other transition metal nitrate salts were performed to explore the feasibility of 
cation substitution for the title compound. In these trials, M(NO3)2 (M = Co, Mn, Ni, or 
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Zn) salts were utilized in place of Cu(NO3)2 with all other reagents and factors remaining 
the same. Crystals of a known compound series were obtained instead for all metal salts 
utilized except for Mn which provided no crystal growth. The general formula of the 
obtained crystals was K2[M(H2O)6]V10O28∙4H2O (M = Co, Ni, or Zn). This suggests that 
metal center selectivity is best described by the unique coordination geometry of copper. 
Li et al reports that a Keggin-type 3d-4f heterometal incorporated POM (DFHIP) complex 
also shared this selectivity for Cu2+, while Mn2+, Co2+, and Ni2+ yielded no crystal growth. 
Li et al ascribe this to Cu2+ undergoing reduction of steric hinderance due to a Jahn-Teller 
effect and Pseudo-Jahn-Teller effect in octahedral geometry and square pyramidal 
geometry, respectively, allowing for greater geometric variety.23 
 
Single crystal XRD 
 
The SXRD data collection was performed under nitrogen gas stream at 174 K. 
Crystallographic data for the synthesized crystal is provided in Table 4.4. Prior to any X-
Ray analysis, the crystal sample was rinsed with deionized water and dried in air under 
open atmospheric conditions. The crystal structures were refined with reasonable thermal 
parameters for all atoms including hydrogens. Crystal structure refinement was performed 
using SHELXL-2014. Any thermal vibrations were treated as anisotropic. The number of 
water molecules was confirmed based on the results of TGA experiments (see below). The 
block-shape green crystals are crystalized in monoclinic crystal system with the space 
group P21/n (No. 14). The cell parameter is with a=8.65(9) Å, b=23.88(3) Å, c=10.56(3) 
Å and β=111.63(3)°. In order to confirm the structure refinement assigned, powder X-ray 
diffraction was performed and shown in Figure 4.13. The pattern shows that the observed  
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Table 4.4. Crystallographic Data 
Empirical Formula            KCuV5O19C6NH20 
fw (g/mol−1)                                767.58 
crystal system                          Monoclinic 
space group                          P21/n (No. 14) 
temperature (K)                           174 K 
a (Å)                                            8.6534 (9) 
b (Å)        23.878 (3) 
c (Å)                                         10.5583(10) 
β (deg)                                         111.625(3) 
  Z                                                         4 
  V (Å3)                                         2028.1(4) 
   ρcalc (g/cm−3)                                  2.514 
   μ (mm−1)                                        3.540 
λ (Å)                                  0.71073 Å (Mo 
Kα) 
collected reflns                              39178 
unique reflns (Rint)                  3676 (0.040) 
obsd reflns [I > 2σ(I)]                    3345 
parameters                                       314 
R(F)a [I > 2σ(I)]                           0.0219 
wR(F2)b [all data]                        0.0522 
GOF                                                1.10 
aR(F) = Σ||F0 − Fc||/Σ|F0|. bwR(F2) = 
{Σ[w(F02 − Fc2)2]/Σ[w(F02)2]}1/2 
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Figure 4.12. (Top to bottom) CV curves of respective precursor solutions. POV: 
polyoxovanadate, [V10O28]6−, anion. Peak I attributed to reduction Cu2+/Cu+ and 
V5+/V4+. Peak II attributed to reduction of and Cu+/Cu;1, 2 CV obtained of synthetic 
solution without any addition of Cu(NO3)2. Both Peaks attributed to reduction of 
V5+/V4+; CV diagram of solution without any addition of POV. Peak I attributed to 
reduction Cu2+/Cu+. Peak II attributed to reduction Cu+/Cu. 
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Figure 4.13. Observed (top) and calculated (bottom) PXRD patterns of 2. Miller Indices 
provided above for relatively strong reflections. 
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peaks match well with the calculated one, indicating that the sample is 95% pure with 
respect to the crystalline phase.  
 
Infrared Spectroscopy (IR) 
In order to further confirm the crystal structure of the title compound refined above, an 
FTIR spectrum was obtained exhibiting vibrational spectra of some specific functional 
groups associated with TEA and POV clusters, as shown in Figure 4.14 (a) and (b). A broad 
band around 3000 cm-1-3500 cm-1 was observed attributed to the water molecules that the 
region between 650 title compound contains. By magnifying a portion of the spectrum of  
Figure 4.14a at the cm-1(Figure 14b), the peaks A~F were identified and labeled. The peak 
A below 700 cm-1 is due to Cu-O vibrations. Decavanadates clusters leads to the 
appearance of peaks B and C (891 cm-1and 954 cm-1) caused by terminal V=O stretching 
and asymmetric vibration of bridge V-O.24, 25 From peak D~F, all three peaks are due to 
organic functional groups of TEA. The peak at 1052 cm-1 labeled D is ascribed to the 
alkoxyl groups and the label E with two peaks can be attributed to C-N stretching. The last 
peak F, is caused by -CH2 bending of TEA molecules.26 All the above confirms the 
existence of the TEA molecules in the title crystalline compound.  
 
Crystal structure 
The structure of 2 is made of two structural units, [H2V10O28]6− and [Cu(TEA)(H2O)]2+, 
interconnected through hydrogen bond, see Figure 4.15. As revealed by SXRD structure 
data, the copper metal center lies at the center of a trigonal bipyramidal complex involving  
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Figure 4.14. (a) Survey FTIR and (b) partial FTIR of the title compound. 
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four bonds from triethanolamine (TEA) and one from water. Chelation of Cu2+ by 
triethanolamine occurs through three O-Cu bonds and a N-Cu bond with respective bond 
distances of ~2.0 Å (three different O-Cu bond distances, see Tables 4.5-4.6) and 1.97 Å 
as shown in Figure 4.15b. The trigonal bipyramidal nature of the complex is supported by 
a nearly linear N-Cu-O bond angle of 176.9°, the selected oxygen belongs to that of water 
on the axial position. Further, the sum, 357.8o, of O-Cu-O in the equatorial plane, 108.9o-
137.5o, reveals a nearly planar geometry. This complex is connected to the decavanadate 
cluster via hydrogen bonds between the hydrogen of coordinated water to a bridging 
vanadium oxygen with the respective H-bond distance of 1.7 Å and 1.8 Å. Weaker 
intermolecular interactions also occur between the crystalline water and bridging V-O 
bonds with HO distances 2.8 Å, 3.1 Å, 3.3 Å, and 3.9 Å. As shown in Figures 4.15c&d, 
hydrogen bonding serves to bridge TEA-Cu moieties and POV clusters together with 1.90 
Å and 3.0 Å. 
 
Thermogravimetric Analysis 
TGA and DSC were employed to study the thermal behavior of the title compound. The 
heating temperature was set from 25℃-500℃ under a nitrogen flow (100 ml/min.) with an 
increment of 10℃/min. (Fig. 4.16a). The weight loss occurs in a two-stage process, the 
title compound remains thermally intact as evidenced by PXRD patterns until around 
146℃, according to TGA, the onset of the first weight loss. The weight loss is characterized 
by the loss of one ethylene oxide and one water molecule for each TEA coordination 
complex in the unit cell as well as loss of all crystalline water. This corresponds to a loss 
154 
 
of two ethylene oxide molecules and four water molecules per unit cell,27 leaving behind a 
TEA Cu complex. This stage accounts for 10.43% weight loss, similar to the calculated 
percentage, 10.44%. The second stage of weight loss is attributed to loss of all remaining 
organic moieties around 350℃ as confirmed by FT-IR (Fig. 4.16c) corresponding to a total 
weight loss of 24.20% compared to the theoretical loss of 24.16%. The specific process of 
the title compound decomposition was investigated by variable-temperature PXRD and 
FTIR studies (Fig. 4.16b and 4.16c). Variable temperature FTIR studies were performed 
on TGA residues. Firstly, no OH vibrational bands are present in any of the 200-500℃ 
residues analyzed, verifying complete loss of water molecules by 200℃. Organic 
characteristic peaks where assigned according to literature corresponding to peak A, C-O 
Stretching (~1055 cm-1), and peak B, C-H bending (~1350 cm-1).26 Studies of the 300℃ 
residue reveal nearly complete loss of the C-O and C-H stretching peak intensity indicating 
near complete loss due to ethylene oxide formation. 
                 
DSC data reveals an exothermic event appearing around 300-350℃ followed by 
another exothermic event from 450-500℃ that is attributed to recrystallization to form 
metallic copper, produced by thermal reduction with decomposition-product of 
ethanolamine,28 and KVO3 as identified by PXRD studies of the final residues (Figure 
4.17). Characteristic peaks of copper metal observed at 2θ = 43.34, 50.47, 74.17 of 300 ℃ 
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Figure 4.15. (a) A projected view along c showing the packing of [H2V10O28]6− (H is not shown) 
and [Cu(TEA)(H2O)]2+ units, whereas TEA = N(C2H4OH)3. (b) The [Cu(TEA)(H2O)]2+ 
structure. (c) H-bonding between the structural units. 
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Figure 4.16. (a) TGA/DSC analysis of title crystal with temperature differential 25℃-
500℃. (b) PXRD comparisons of the residues with different heating temperatures. (c) 
FT-IR of TGA residues obtained at different heating temperatures.  
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pattern and characteristic peaks of KVO3 appearing at 400-500℃ as shown in Figure 4.16b. 
The inorganic portions remain present in all FTIR studies performed as evidenced by peak 
C, V=O stretching vibrations (~950 cm-1), and peak D, Cu-O vibrational bands (<700 cm-
1). 
 
X-ray Photoelectron Spectroscopy 
XPS was performed to investigate the oxidation state of the transition metals 
comprising the crystal structure. According to prior experience in electrochemically 
synthesized crystals in this research, application of external potential may partially reduce 
the transition metal cations of the polyoxometalate cluster such as molybdenum and 
vanadium. Therefore, the pattern of C1s (Figure 4.18a) was first obtained for studying the 
chemical environment of carbon in the structure based on binding energy of adventitious 
carbon (284.6 eV). Furthermore, a peak on 286.1 eV was labeled which was attributed to 
the carbons bonded to oxygen and nitrogen from TEA molecules. A doublet peak is visible 
from 296 eV to 292 eV that is attributed to the binding energy of the K2p orbital in 
K+(Figure 4.18b). As described for the title crystal structure below, each single copper 
atom complexes with a TEA molecule via Cu-O and Cu-N coordination and a water 
molecule. Accordingly, the Cu 2p pattern (Figure 4.18c) which contains two peaks 
corresponding to Cu-OH and Cu-N supports the actual chemical environment around 
copper. As for the pattern of V 2p and O 1s (Figure 4.18d), the deconvoluted peaks consist 
of one set of 2p3/2-2p/1/2 doublets. Deconvolution of the peak centered about 517 eV 
reveals two vanadium oxidation states with peak 517.1 eV attributed to V5+ while the peak 
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Figure 4.17. PXRD of the TGA residue obtained at 500℃, characteristic peaks of Cu0 
and KVO3 shown 
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Figure 4.18. Selected XPS peaks of the title compound. (a) C1s C-O/C-N and C-C peak 
assignment. (b) K2p K+ doublet peak assignment. (c) Cu2p Cu(H2O)x and Cu-N peak 
assignment. (d) V2p and O1s. 
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Table 4.5 Bond Distance Information 
Bonding 
Atoms 
Atomic Distance 
(Å) 
Bonding Atoms Atomic Distance 
(Å) 
V1-O1 2.013(18) V3-O4 1.678(18) 
V1-O8 1.835(18) V3-O6 1.711(18) 
V1-O9 1.791(19) V3-O3 2.109(19) 
V1-O11 1.615(17) V4-O5 1.900(17) 
V1-O2 2.013(17) V4-O9 1.867(17) 
V1-O3 2.268(17) V4-O10 1.803(18) 
V2-O2 1.991(18) V4-O13 1.606(19) 
V2-O5 1.817(18) V4-O3 2.296(18) 
V2-O7 1.803(18) V4-O4 2.081(18) 
V2-O14 1.630(17) V5-O6 2.044(18) 
V2-O1 2.043(18) V5-O7 1.905(17) 
V2-O3 2.240(17) V5-O8 1.861(17) 
V3-O1 1.879(17) V5-O10 1.845(19) 
V3-O2 1.978(17) V5-O16 1.593(19) 
V3-O3 2.092(18) V5-O3 2.350(18) 
 
Table 4.6 Bond Angle Information 
Bonding Atoms and Angle (Degrees) 
O12    -Cu1    -O15       111.37(8) O1   -V2     -O2         75.41(7) 
O12    -Cu1    -O17       89.58(10) O2     -V2     -O3        75.86(7) 
O12    -Cu1    -O18       137.55(8) O5     -V2     -O7         95.95(8) 
O12    -Cu1    -N1         87.44(9) O5     -V2     -O14       103.12(9) 
O15    -Cu1    -O17        97.82(9) O1   -V2     -O5         88.64(8) 
O15    -Cu1    -O18       108.89(8) O3   -V2     -O5         80.18(7) 
O15    -Cu1    -N1         83.27(8) O7     -V2     -O14       103.97(9) 
O17    -Cu1    -O18       97.86(10) O1   -V2     -O7        155.12(8) 
O17    -Cu1    -N1       177.03(10) O3   -V2     -O7         81.61(7) 
O18    -Cu1    -N1        84.36(10) O1   -V2     -O14        98.72(8) 
O1     -V1     -O8         89.24(8) O3   -V2     -O14       173.03(8) 
O1     -V1     -O9        153.71(7) O1   -V2     -O3       75.08(6) 
O1     -V1     -O11       100.46(8) O1     -V3     -O2        156.43(8) 
O1     -V1     -O2       75.60(7) O1     -V3     -O3         82.18(7) 
O1     -V1     -O3       75.42(7) O1     -V3     -O4         99.40(8) 
O8     -V1     -O9         96.73(8) O1     -V3     -O6         98.17(8) 
O8     -V1     -O11       102.04(8) O1     -V3     -O3       82.18(7) 
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O2   -V1     -O8        154.10(7) O2     -V3     -O3         79.99(7) 
O3   -V1     -O8         80.88(7) O2     -V3     -O4         95.40(8) 
O9     -V1     -O11       103.25(8) O2     -V3     -O6         95.42(8) 
O2_c   -V1     -O9         88.69(8) O2     -V3     -O3_c       79.23(7) 
O3_c   -V1     -O9         80.27(7) O3     -V3     -O4         88.44(8) 
O2_c   -V1     -O11       101.30(8) O3     -V3     -O6        165.78(8) 
O3_c   -V1     -O11       175.02(8) O3     -V3     -O3_c       78.34(7) 
O2_c   -V1     -O3_c       75.10(6) O4     -V3     -O6        105.46(9) 
O2     -V2     -O5        153.90(8) O3_c   -V3     -O4        166.38(8) 
O2     -V2     -O7         90.69(8) O3_c   -V3     -O6         87.60(8) 
O2     -V2     -O14        99.67(8) O5     -V4     -O9        153.87(8) 
O5     -V4     -O10        91.55(8) O3_c   -V5     -O16       175.01(8) 
O5     -V4     -O13       102.13(9) O4     -K1     -O12        75.27(5) 
O3_c   -V4     -O5         77.07(7) O4     -K1     -O19W      136.65(7) 
O4_c   -V4     -O5         83.03(7) O4     -K1     -O11_a     122.19(5) 
O9     -V4     -O10        93.34(8) O4     -K1     -O13_c      56.83(5) 
O9     -V4     -O13       101.13(8) O1_d   -K1     -O4        106.42(5) 
O3_c   -V4     -O9         78.05(7) O4     -K1     -O8_d      123.99(5) 
O4_c   -V4     -O9         82.66(7) O12    -K1     -O19W       65.58(7) 
O10    -V4     -O13       106.00(9) O11_a  -K1     -O12        95.19(5) 
O3_c   -V4     -O10        83.25(7) O12    -K1     -O13_c     112.34(5) 
O4_c   -V4     -O10       157.45(8) O1_d   -K1     -O12       110.89(5) 
O3_c   -V4     -O13       170.75(8) O8_d   -K1     -O12       155.99(5) 
O4_c   -V4     -O13        96.54(8) O11_a  -K1     -O19W       80.51(6) 
O3_c   -V4     -O4_c       74.21(7) O13_c  -K1     -O19W      157.07(6) 
O6     -V5     -O7         82.87(7) O1_d   -K1     -O19W       72.84(6) 
O6     -V5     -O8         83.70(7) O8_d   -K1     -O19W       91.11(7) 
O6     -V5     -O10       154.97(8) O11_a  -K1     -O13_c      76.92(5) 
O6     -V5     -O16       101.16(9) O1_d   -K1     -O11_a     129.39(5) 
O3_c   -V5     -O6         74.12(7) O8_d   -K1     -O11_a      86.03(5) 
O7     -V5     -O8        153.88(8) O1_d   -K1     -O13_c     125.66(5) 
O7     -V5     -O10        91.14(8) O8_d   -K1     -O13_c      91.34(5) 
O7     -V5     -O16       101.35(9) O1_d   -K1     -O8_d       53.16(5) 
O3_c   -V5     -O7         76.68(7) V1     -O1     -V3        107.84(8) 
O8     -V5     -O10        91.64(8) V1     -O1     -V2_c       99.97(8) 
O8     -V5     -O16       103.16(9) V1     -O1     -K1_d      100.11(6) 
O3_c   -V5     -O8         78.15(7) V2_c   -O1     -V3        106.85(8) 
O10    -V5     -O16       103.85(9) V3     -O1     -K1_d      100.31(7) 
O3_c   -V5     -O10        80.85(7) V2_c   -O1     -K1_d      139.09(8) 
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V2     -O2     -V3        107.26(8) V4     -O10    -V5        113.70(9) 
V1_c   -O2     -V2        101.76(8) V1     -O11    -K1_b      128.60(9) 
V1_c   -O2     -V3        107.23(8) Cu1    -O12    -K1        102.24(7) 
V1_c   -O3     -V3         94.88(7) Cu1    -O12    -C1       108.06(16) 
V2_c   -O3     -V3         93.29(7) K1     -O12    -C1       117.47(16) 
V3     -O3     -V3_c      101.66(7) V4     -O13    -K1_c       97.72(7) 
V3     -O3     -V4_c       88.52(7) Cu1    -O15    -C5       109.18(16) 
V3     -O3     -V5_c      170.69(9) Cu1    -O18    -C2         112.1(2) 
V1_c   -O3     -V2_c      168.40(8) Cu1    -N1     -C3       108.60(16) 
V1_c   -O3     -V3_c       91.84(7) Cu1    -N1     -C4       106.80(17) 
V1_c   -O3     -V4_c       85.00(6) Cu1    -N1     -C6       105.72(19) 
V1_c   -O3     -V5_c       84.84(6) C3     -N1     -C4         112.1(3) 
V2_c   -O3     -V3_c       94.56(7) C3     -N1     -C6         111.4(2) 
V2_c   -O3     -V4_c       87.00(6) C4     -N1     -C6         111.9(2) 
V2_c   -O3     -V5_c       85.76(6) K1     -O12    -H12          103(3) 
V3_c   -O3     -V4_c      169.57(9) C1     -O12    -H12          111(3) 
V3_c   -O3     -V5_c       87.65(7) Cu1    -O12    -H12          115(3) 
V4_c   -O3     -V5_c       82.18(6) Cu1    -O15    -H15          111(3) 
V3     -O4     -K1        139.82(9) C5     -O15    -H15          109(3) 
V3     -O4     -V4_c      108.82(9) Cu1    -O17    -H17A         115(3) 
V4_c   -O4     -K1         94.99(6) Cu1    -O17    -H17B         117(2) 
V2     -O5     -V4        114.25(9) H17A   -O17    -H17B         105(3) 
V3     -O6     -V5        110.55(9) Cu1    -O18    -H18          110(4) 
V2     -O7     -V5        114.84(9) C2     -O18    -H18          109(3) 
V1     -O8     -V5        114.94(9) K1     -O19W   -H19B         102(2) 
V1     -O8     -K1_d       99.68(7) K1     -O19W   -H19A         104(2) 
V5     -O8     -K1_d      112.24(8) H19A   -O19W   -H19B         106(3) 
V1     -O9     -V4        114.90(9) O12    -C1     -C4         109.8(2) 
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516.3 eV is attributed to V4+. Vanadium in the title crystal structure may be present in both 
the pentavalent state and the tetravalent state as a d-d transition state is visualized in the 
UV-Vis spectrum (Figure 4.19) comparing with the pentavalent starting vanadium source 
(Na6V10O28, red line,). While only one d-d transition peak found around 1.5 eV is observed, 
this can be attributed to d-d transitions of Cu2+ and V4+.29-31 
 
Conclusion 
Use of electrochemical synthetic methods for crystal growth appears successful in 
creation of unique complex metal oxide and inorganic-organic hybrid structures that cannot 
be synthesized by other conventional techniques. Adaption of this electrochemical 
technique accompanied by the addition of complexing agent provides a unique approach 
for the creation of an inorganic-organic hybrid architecture based upon a decavanadate 
cluster. SXRD, PXRD, XPS, and FT-IR analyses were utilized to confirm the structures 
and oxidation state of the compounds, while TGA/DSC, PXRD, and FT-IR analyses were 
performed to probe thermal stability as well as explore the thermal decomposition process. 
Future work should include further adaptation of the technique for synthesis of POMOFs 
as well as further exploration into conductivity of structures obtained through this synthetic 
pathway. 
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Figure 4.19. Solid State UV-Vis spectrum of the title compound with barium sulfate 
background. 
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CHAPTER FIVE 
 
BENCH-TOP ELECTROCHEMICAL CRYSTAL GROWTH OF POMOFS:  IN-SITU 
SYNTHESIS OF NEW ORGANIC-INORGANIC HYBRIDS CONTAINING 
[V10O28](6+N)− POLYOXOVANADATE 
 
 
Abstract 
 
Three new polyoxometalate-organic-framework (POMOF) compounds were 
synthesized via electrochemical crystal growth methods at room temperature. The study 
has demonstrated an effective approach toward the in-situ synthesis of POMOFs, a subclass 
of organic-inorganic hybrid materials that have conventionally been synthesized by 
hydrothermal or solvothermal methods above the boiling point of water. A two-electrode 
setup was utilized employing electrochemical energy (ΔG = -nFE) as an alternative driving 
force to promote phase nucleation below thermal activation energy. Reported herein are 
selected crystalline phases grown from the solution containing decavanadate 
polyoxovanadate (POV) anion, [V10O28]6-, and 4,5-diazafluoren-9-one (dafone): namely 
1[CuI(Hxdafone)2]3VIVV9VO28∙5.25H2O (x = 2/3; P21/c, No. 14, Z = 2, a = 13.4194(4) Å, b 
= 18.8407(6) Å, c=16.1616(4) Å, β = 113.683(1)o), 2 
(dafone)2[CuI(dafone)2]2(H4V10O28)⋅3H2O (P-1, No. 2, Z = 1, a = 11.0438(4) Å, b = 
12.1271(5) Å, c = 17.1570(6) Å, α = 104.926(2)o, β = 95.675(2)o, γ = 115.727(2)o), and 3 
[CuI(dafone)2]2[CuII(H2O)5]2V10O28∙6.5H2O (P-1, No. 2, Z = 2, a = 9.6354(7) Å, b = 
19.4641(13) Å, c = 20.0763(14) Å, α = 116.098(3)o, β = 97.015(4)o, γ = 90.018(3)o). 
Structures obtained via single crystal X-Ray diffraction reveal fascinating POMOFs made 
of POV and dafone coordinated CuI units stacked to form extended 1D chain-like and 2D 
layered arrays through hydrogen bonding and π-π interactions. The results of 
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thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) reveal the 
thermal behaviors of 1~3 and confirm the crystalline water content. The electronic states 
investigated by X-Ray photoemission spectroscopy (XPS) are discussed with regards to 
electrochemical crystal growth. 
 
Introduction 
Organic-inorganic hybrid compounds are potential functional materials for a broad range 
of device applications including, but not limited to optics, micro-electronics, energy 
storage, sensing, gas separation, and heterogeneous catalysis, to just name a few 1,2. Metal-
organic-frameworks (MOFs) are a class of materials in which metal centers are coordinated 
with organic ligands to form a framework as the name suggests. The properties of such 
hybrid solids are tunable at the molecular level via modification of respective organic 
and/or inorganic components for desired chemical and electronic functions. Since the first 
reported MOF by Yaghi’s group in 1999, the field has witnessed many unique 
advancements, such as the formation of carborane-based MOFs for H2 uptake and gas 
separation3,4. Carboranes exhibit rigidity, thermal stability, and chemical stability, 
properties that are desirable for materials applications. Similar to carborane-containing 
phases, polyoxometalate-organic frameworks (POMOFs) are an emerging class of MOFs 
incorporating polyoxometalate (POM) clusters as secondary building units (SBUs) in the 
framework formation 5,6. POMs are discrete polyoxoanions usually comprised of group 6 
(Mo, W) or less commonly group 5 (V, Nb, Ta) transition metals in their high oxidation 
states. The high nuclearity of these transition-metal-oxide clusters engenders multielectron 
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redox capacity and, in turn, various device applications due additionally to the structural 
sustainability of POM-based compounds 7. Materials containing POM clusters as a 
reservoir for reversible electron storage 8 have been broadly investigated for application in 
oxidation catalysis 5,9, electrocatalysis 10, rechargeable batteries 11–14, single molecule 
magnets (SMMs) 15,16 and biomedicine 17, to name a few. The superior redox properties of 
POMs paired with promising control of design in framework topologies provide inspiration 
for our research into the exploration of new POMOFs using recently emerged bench-top 
electrochemical methods 18–20 at room temperature. Prior to this study, a wealth of POM-
based phases have been isolated largely under hydrothermal conditions at temperatures (ca. 
120~160 oC) slightly above the boiling point of water 21,22. Low-temperature (<100 oC) 
synthesis has also resulted in some successes via self-assembly under ambient pressure 23–
25. Relevant to this study, electrochemical synthesis has reportedly been employed in the 
thin film deposition of organic-inorganic hybrids in aqueous media 26,27, as well as in 
crystal growth of POM-containing, charge transfer salts in organic solvent 28–30. Herein, 
we report the exploratory synthesis of a new family of POMOFs via electrochemical crystal 
growth methods containing decavanadate polyoxovanadate (POV) anion, [V10O28]6-, and 
4,5-diazafluoren-9-one (dafone): namely [CuI(Hxdafone)2]3VIVV9VO28∙5.25H2O (x = 2/3) 
(1), (dafone)2[CuI(dafone)2]2(H4V10O28)⋅3H2O (2), and 
[CuI(dafone)2]2[CuII(H2O)5]2V10O28∙6.5H2O (3). The fascinating structures, extended 
thermal stability, and electronic properties of these POV-containing phases investigated by 
respective SXRD, TGA/DSC and XPS measurements are discussed herein. 
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Synthetic procedures 
All chemicals were commercially purchased except sodium decavanadate 
(Na6V10O28⋅19H2O). The latter was synthesized according to literature procedures 31. The 
Na6V10O28⋅19H2O powder was analyzed by Raman, 51V NMR, and TGA, see Fig. 5.1-5.3.  
A small (20 mL, scintillation) vial was used to contain the electrolytes for 
electrochemical crystal growth. A plastic cap was secured atop the vial to hold the 
electrodes and to contain volatile solvent. The silver electrodes (1.0 mm diameter) were 
then submerged in the solution and kept a few millimeters away from the bottom and the 
side of the vial and 1.2 cm apart from each other. A constant voltage supply (EVENTEK-
KPS305D) was utilized as a power source. A constant voltage 0.10 V was applied for the 
crystal growth. Crystals are insoluble in the NaCl solution, nor are they soluble in organic 
solvents, such as acetonitrile and toluene. The latter was probed in hopes of proceeding 
with a proton NMR study.  
[CuI(Hxdafone)2]3VIVV9VO28∙5.25H2O (x = 2/3) (1). The precursor solution for the 
electrochemical crystal growth consists of electrolytes in molar ratios of Cu: dafone: 
V10O28 = 3 : 4: 1. It was prepared by combining the pre-mixed solutions of Cu(NO3)2⋅3H2O, 
Na6V10O28⋅19H2O and NaCl in water and dafone in tetrahydrofuran (THF). The aqueous 
solution was comprised of the mixture of 0.01207 g (0.05 mmol) Cu(NO3)2⋅3H2O and 
0.0877 g (1.5 mmol) NaCl in 10 mL of deionized (DI) water. To preclude precipitation in 
this solution, 1 drop 4 M HCl was added prior to addition of 0.0231 g (0.0167 mmol) 
Na6V10O28⋅19H2O with stirring. The organic-based solution was prepared separately under 
the fume hood by dissolving 0.0121 g (0.0667 mmol) dafone in 5 mL THF. The two 
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solutions were then mixed, the final pH increased from 2.8 to 3.2 in doing so. This 
precursor solution was transferred to a capped vial for electrochemical synthesis. To 
compensate for the loss of volatile THF solvent during solution preparation, additional 
THF was added to keep the total volume of the precursor solution constant for this and all 
reactions mentioned hereafter. The color of the solution evolved from light yellow to light 
green after being electrolyzed for 3 days at 0.10 V. Crystals (up to 0.1 mm) suitable for X-
ray structure determination grew on the cathode. It should be noted that adding NaCl to the 
precursor solution was necessary to acquire the crystal growth of 1, along with 2 in an 
approximate ratio of 1:3 and unknown yellowish green needles (<5%), see below. 1 forms 
block-shaped crystals dark brick-brown in color.  
(dafone)2[CuI(dafone)2]2(H4V10O28)⋅3H2O (2). Crystals of 2 can be acquired from a 
similar precursor solution in the absence of NaCl electrolyte. 2 forms block-shaped, dark-
green crystals in ca. 95% yield on the cathode. A small yield (<5%) of tiny yellowish-green 
needles was also formed in the synthesis of 2. The needle phase could not be structurally 
identified because the crystals were too little for single crystal X-Ray diffraction studies, 
see section 3.1 for more details below.  
[CuI(dafone)2]2[CuII(H2O)5]2V10O28∙6.5H2O (3). The precursor solution for 3 consists 
of electrolytes in molar ratios of Cu: dafone: V10O28 = 16 : 1: 2. The mixture of 0.0966 g 
(0.4 mmol) Cu(NO3)2⋅3H2O and 0.0877 g (1.5 mmol) NaCl was dissolved in 10 mL DI 
water. One drop of 4 M HCl was added, followed by the addition of 0.0719 g (0.05 mmol) 
Na6V10O28⋅19H2O. Leaving this mixture to stir, 0.0045 g (0.025 mmol) dafone was 
dissolved in 5 mL THF. With continuous stirring, the dafone/THF solution was slowly 
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mixed into the aqueous solution under the fume hood. The final pH was 3.5. The final 
mixture was transferred to a capped vial for electrochemical synthesis. The solution was 
electrolyzed for 3 days at 0.10 V and the color of the solution remained pale yellow 
throughout. Orange, column-shaped crystals were obtained in ca. 45% yield based on POV. 
 
Characterizations 
Structure determination: Crystalline samples were retrieved from the cathode for 
structural analysis. Crystals were rinsed with DI water and dried in air under ambient 
conditions before being investigated. Single-crystal X-ray diffraction (SXRD) was 
performed at 100 K for 1 and 3 and 273 K for 2 on a Bruker D8 X-ray diffractometer 
equipped with an Incoatec Mo Kα micro focus source (λ = 0.71073 Å) and a Photon 100 
CMOS detector. The crystal structure was refined and solved by full-matrix, least-squares 
technique on F2 using the SHELXTL software package 32. Powder X-ray diffraction 
(PXRD) was recorded on Rigaku powder X-ray diffractometer with a scanning rate of 
0.5o/min from five to ninety degrees in 2-Theta. 
Raman and NMR spectroscopy: Raman spectroscopy and 51V NMR were utilized 
to examine the purity of as-prepared decavanadate (Fig. 5.1-5.2) 33. D2O was used as 
solvent for 51V NMR measurement with 100 scans using Bruker Avance 500 MHz NMR 
spectrometer equipped with BBO probe. 
TGA/DSC: Thermal gravimetric analysis (TGA) and differential scanning calorimetry 
(DSC) were performed from 25 oC to 500 oC on a TA Instruments SDT Q600 under a 
nitrogen flow of 100 mL/min with a heating rate of 10 oC/min. 
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XPS: X-ray Photoemission Spectroscopy (XPS) analysis was performed on a PHI 5000 
VersaProbe III Scanning XPS with AES utilizing an X-ray source: Al 1486.6 eV mono at 
24.8 W with a Beam diameter 100.0 μm. Surface cleaning of the title crystals was 
performed twice via Ar+ Sputtering (500 V) for 7 min before XPS tests, all XPS data was 
calibrated based on the C1s C-C binding energy, 284.8 eV. The survey spectra were run 
with 224 Pass Energy and 0.8 eV step size. The dwell time was 50 ms with sweeps of 3. 
The high-resolution spectra were obtained with 69 Pass Energy and 0.125 eV step size. 
The dwell time was 50 ms with sweeps of 3. The beam energy used was 25 W/15 kV.  
SEM/EDS: Scanning electron microscope (SEM) images and energy-dispersive X-ray 
spectroscopic (EDS) analysis were acquired using a HITACHI TM3000 microscope 
performed at 15 kV. 
 
Results and discussion 
 
Synthesis 
 
A co-solvent system consisting of water and THF was used. Because of the insolubility 
of dafone in water, the organic solvent was used to prepare a homogeneous dafone/THF 
solution. The latter was then slowly added to the electrolyte solutions containing Cu(NO3)2, 
Na6V10O28⋅19H2O and/or NaCl salts. The function of chloride anions in the precursor 
solution resulting from the addition of the HCl acid (and NaCl electrolyte) is two-fold. It 
acts alongside the counter cations as a charge carrier during the electrolysis reaction and it 
forms AgCl precipitate upon the oxidation of the anode from silver to silver cation, Ag+. 
174 
 
 
 
 
 
 
 
 
200 300 400 500 600 700 800 900 1000
V-O-V antisymm
 
Raman shifts (cm-1)
In
te
ns
ity
 (a
.u
.)
V-O-V bending
V-O-V symmetric
V=O
 Na6V10O28
 
 
Figure 5.1. Raman spectrum of the as-prepared sodium decavanadate 
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Figure 5.2. 51V NMR of the as-prepared sodium decavanadate 
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Figure 5.3. The TGA curve reveals 24.1% (vs. 23.8% theoretical) weight loss at 500 ̊C 
attributed to a dehydration process involving 19 moles water molecules of the as-
prepared sodium decavanadate. 
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A thin film of AgCl was simultaneously deposited on the silver electrode to form a 
passivate layer avoiding continuous oxidation and, in turn, complete consumption of Ag  
electrode.  
Cyclic voltammogram (CV) was collected for precursor solutions prior to the 
electrochemical crystal growth experiment. Several reduction peaks (Fig. 5.4) 
corresponding to the reduction of Cu2+ + e-→Cu+, Cu2+ + 2 e- → Cu(s), Cu+ + e- → Cu(s) 
and V5+ + e- → V4+ were observed. Ultimately the magnitude of applied voltage was 
determined empirically due to the complexity of the chemical system. An applied voltage 
was limited to 0.1 V where Cu2þ was reduced to Cu+ during simultaneous nucleation of 
the title compounds and subsequently the respective crystal growth on Ag cathode. Copper 
ions are subject to cathodic reduction when the applied voltage exceeded 0.30 V, resulting 
in cathodic plating of copper metal and subsequently no crystal growth of the title 
compounds was observed. Although Eo(Cu2+(aq), Cu+(aq)) = 0.16 V, we speculate that, the 
complexation of [CuI(dafone)2] prior to crystal growth may have promoted the nucleation 
of title compounds. This is consistent with the reported electrochemical studies 34 
suggesting that dafone stabilizes the CuI oxidation state due to its π-acceptor ability based 
on the improved redox potentials for the CuII/CuI couple. The extended intermolecular  
forces through H-bonding and π-π stacking in the structure construction also enticed the 
phase nucleation at room temperature.  
Electrochemical energy (ΔG = -nFE) was employed as an alternative driving force 
replacing thermal energy (ΔG = ΔH-TΔS) to allow the phase nucleation to take place below 
the thermal activation energy. Electrochemical synthesis not only allows compound 
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Figure 5.4. Cyclic Voltammetry (CV) of precursor solutions (a) for 1 and 2 and (b) for 
3. Both curves reveal the reduction potential [E=(Epa+Epc)/2] of V5+/V4+ and 
Cu2+/Cu(s) with respect to Calomel reference electrode in the range of 0.15V ~ 0.19V 
and -0.30V ~ -0.39 V, respectively. CV tests were performed using a three-electrode 
system with a scan rate of 0.1 V/s and recorded on a CHI 660D electrochemical 
workstation. 
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formation at temperatures as low as room temperature, but also enables simultaneous 
reduction of POV anions that no conventional hydrothermal synthesis and evaporation 
methods can yet achieve. Furthermore, the decavanadate anion, [V10O28]6-, is subject to 
thermal decomposition at as low as 60 oC 35 in aqueous solution to trivanadate, [V3O8]-, 
thus no compound containing decavanadate anion has been synthesized in situ under 
hydrothermal conditions. Intuitively, the electrochemical approach proves useful for low-
temperature synthesis from solution containing thermally sensitive POM anions. 
The variety of [V10O28]-containing hybrids has continued to grow as the relative 
concentrations of building blocks vary, such as the unknown needle phase mentioned in 
the synthesis of 1 and 2. Fig. 5.5 shows its PXRD pattern which represents a distinctively 
different phase than 1~3 reported herein. The SEM/EDS analysis of this needle phase (Figs. 
5.6 and 5.7) suggests qualitatively a normalized mole ratio of Cu: V10O28: dafone = 5 : 2: 
10 (derived from Cu: V: N = 11 : 43.3: 45.7 = 5 : 20: 20). Survey studies with different 
ratios of electrolytes, including stoichiometric ratio in the proximity of the normalized mole 
ratio, Cu: V10O28: dafone ¼ 2 : 1: 6, failed to improve the yield and size of the yellowish- 
green needles for single crystal X-ray diffraction studies. Further investigations with 
respect to the reaction conditions, such as pH and current, for optimized electrochemical 
crystal growth are planned. Meanwhile SEM/EDS analysis of the title compounds is given 
in Fig. 5.8 for comparison. 
Crystal structures were examined by SXRD and the crystallographic data of the title 
compounds 1~3 are listed in Table 5.1. Crystalline samples were collected from the 
reactions mentioned in section above and the purity of the crystalline product was 
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Figure 5.5. The calculated PXRD patterns of 1-3 are included for comparing with 
yellowish-green needles 
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investigated by powder X-ray diffraction (PXRD) technique prior to the bulk analysis. The 
PXRD patterns shown in Fig. 5.9 compared reasonably well with the theoretically 
calculated patterns from the SXRD structure solution. The selected bond distances and 
angles of respective compounds 1~3 are summarized in Tables 5.2–5.4, while the bond 
valence sum (BVS) values in Tables 5.5–5.7. 
 [CuI(Hxdafone)2]3VIVV9VO28∙5.25H2O (x = 2/3) (1) 
 
1 crystalizes in the monoclinic space group of P21/c (No.14), Table 5.1, and , according 
to the refined structural formula, is composed of one decavanadate cluster [V10O28] and 
three [Cu(dafone)2] complex units along with 5.25 mol crystalline water molecules, as 
shown in the packing diagram in Fig. 5.10. Each single decavanadate cluster consists of 
ten edge shared VO6 octahedral units of five crystallographically independent vanadium 
centers. The V-O and V=O (vanadyl) bond distances are comparable with the literature 
value (Table 5.2). As shown in Fig. 1b, each copper is complexed by two 4,5-diazafluoren-
9-one molecules through two short and two long Cu-N distances, which are consistent with 
those observed in the [CuI(dafone)2X] complexes (where X = Br, ISCN) 35. The bite 
distance between the nitrogen atoms of each chelating dafone molecule (N1-N2, N3-N4 
for Cu1 and N5-N6 for Cu2) are 3.01 Å - 3.03 Å, which is comparable with 2.99 Å cited 
in ref. 35. The sum of ∠N-Cu1-N angles is 356.5o, slightly distorted from a perfect square 
planar geometry, while that of ∠N-Cu2-N is exactly 360o. The latter is sandwiched by the 
former to form a triple decker unit, see next. And the Cu1-centered [Cu(dafone)2] unit is 
coordinated at one of its axial sites by a bulky [V10O28] cluster through one of the bridging 
oxygen atoms, O11, to extend the coordination number from 4 to 5. The Cu1-O11 is 
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relatively long, 2.239(11) Å, compared to the sum of Shannon crystal radii 36, 2.15 Å, of 
0.91 Å for Cu+(VI) and 1.22 for O2-, leading to the oxidation state of Cu+ according to the 
bond valence sum calculations 37 (Table 5.5). 
The triple decker unit and bulky cluster are stacked along the b axis form an extended 
1D chain-like structure (Fig. 5.11, center). Extensive intermolecular forces exist in the 
crystal, including hydrogen bonding network in the [Cu(dafone)2] complex unit and π–π 
interactions between dafone molecules, to hold these units together along the packing 
direction as well as between the parallel chains. In addition, each [V10O28] cluster is capped 
by two [Cu(dafone)2] units at the opposites of the cluster through Cu-O interactions (Fig. 
5.11, upper right). Significant π–π stacking is observed between neighboring dafone 
molecules, see the quoted distances in Fig. 5.11 (lower left), comparable with the cited 
literature values 38. 
For charge balancing, we first tried to locate the proton atoms based indirectly on the 
relatively enlarged ∠C-N-C angles in the dafone molecule. According to the literature 39, 
the respective angles around N1 and N6, 117.8o and 116.1o (Table 5.2) are significantly 
larger comparing with the values of neutral dafone, which is in the range of 114.0o-114.2o. 
So, we propose that respective dafone molecules are protonated, thus 1 is partially reduced, 
which was later confirmed by XPS analysis, and the chemical formula is 
[CuI(Hxdafone)2]3VIVV9VO28∙5.25H2O (x = 2/3). Meanwhile, the stoichiometry of water 
molecules was confirmed by TGA (see below). 
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Figure 5.6-5.7. SEM and EDS (Cu : V : N = 11.0 : 43.3 : 45.7) analysis of yellowish-
green needles which suggests a normalized mole ratio Cu : V10O28 : dafone = 5 : 2 : 
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(a) Cu : V : N = 9.5 : 35.5 : 55.0; Cu : V10O28 : dafone = 2.7 : 1 : 7.7 vs. 3 : 1 : 6 for 1 
           
            
(b) Cu : V : N = 7.9 : 41.1 : 51.0; Cu : V10O28 : dafone = 1.9 : 1 : 6.2 vs. 2 : 1 : 6 for 2 
          
               
(c) Cu : V : N = 15.3 : 37.2 : 47.5; Cu : V10O28 : dafone = 4.1 : 1 : 6.4 vs. 4 : 1 : 4 for 3 
         
 
Figure 5.8. SEM and EDS of (a) 1, (b) 2, (c) 3 for comparison. 
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Figure 5.9. The observed (in black) and theoretical (in red) powder X-ray diffraction 
(PXRD) patterns of the title compounds showing a close match. 
 
186 
 
 
Table 5.1 
Crystallographic Data 
formula               H50.5C66N12V10Cu3O39.251    H46C66N12V10Cu2O372     H57C44N8V10Cu4O48.53 
fw (g/mol−1)                   2343.532                            2235.65                          2237.575 
crystal system               Monoclinic                          triclinic                            triclinic 
space group                 P21/c (No. 14)                     P-1 (No.2)                       P-1 (No.2) 
temperature (K)                 100K                                 273K                               273K 
a (Å)                              13.4194(4)                        11.0438(4)                        9.6354(7) 
b (Å)                              18.8407(6)                        12.1271(5)                      19.4641(13) 
c (Å)                              16.1616(4)                        17.1570(6)                      20.0763(14) 
α (deg)                                90.0                              104.926(2)                       116.098(3) 
β (deg)                           113.683(1)                          95.675(2)                         97.015(4) 
γ (deg)                                90.0                              115.727(2)                         90.018(3) 
V (Å3), Z                     3742.02 (19), 2                 1940.73(14), 1                   3349.8(4), 2 
ρcalc (g/cm−3)                      2.031                                1.873                                 2.161 
μ (mm−1)                            2.128                                1.781                                 2.684 
λ (Å)                                                             0.71073 Å (Mo Kα)    
collected reflns                  22689                               26777                                11758 
unique reflns (Rint)      6760 (0.061)                    6857 (0.044)                    11758 (0.067) 
obsd reflns [I > 2σ(I)]        5617                                 4989                                   8130 
R(F)a [I > 2σ(I)]               0.0722                               0.0607                                0.0547 
wR(F2)b [all data]             0.1817                              0.1850                                0.1745 
GOF                                    1.19                                  1.21                                    1.05  
a R1 = Σ||Fo| − |Fc||/Σ|Fo|;  
b wR2 = [Σw(Fo2 − Fc2 )2/Σw(Fo2 )2 ]1/2 , w = [σ2 (Fo2 ) + (AP)2 +BP] −1, where P = (Max(Fo2 , 
0) +2Fc2 )/3 and A and B are constants adjusted by the program 
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Figure. 5.10. (a) Projected view along a showing the packing of [CuI(Hxdafone)2] and 
[V10O28]. (b) a [CuI(Hxdafone)2] unit comprised of Cu+ complexed by two dafone 
molecules. 
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Table 5.2. Selected bond distances (Å) and angles (deg.) of compound 1. 
V-O bonds 
Bond type Bond length (Å) Bond type Bond length (Å) 
V1-O14 1.688(5) V1-O12 1.690(5) 
V1-O5 1.903(5) V1-O6 2.028(5) 
V1-O13 2.084(5) V1-O13 2.101(5) 
V2-O9 1.594(5) V2-O11 1.830(4) 
V2-O8 1.855(5) V2-O4 1.943(5) 
V2-O14 2.043(5) V2-O13 2.316(5) 
V3-O10 1.593(5) V3-O7 1.824(5) 
V3-O11 1.860(4) V3-O3 1.974(5) 
V3-O12 2.019(5) V3-O13 2.343(5) 
V4-O2 1.596(5) V4-O8 1.796(5) 
V4-O7 1.850(5) V4-O5 1.983(5) 
V4-O6 2.045(5) V4-O13 2.320(5) 
V5-O1 1.607(5) V5-O3 1.834(5) 
V5-O4 1.860(5) V5-O5 1.992(5) 
V5-O6 2.038(5) V5-O13 2.256(5) 
Cu-N & Cu-O bonds 
Cu1-N1 1.944(6) Cu1-N2 2.695(1) 
Cu1-N3 2.860(1) Cu1-N4 1.921(6) 
Cu2-N5 2.769(1) Cu2-N6 1.897(6) 
Cu1-O11 2.239(1)   
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N-N bite distance 
N1-N2 3.007(1) N3-N4 3.042(1) 
N5-N6 3.032(1)   
C-N-C Angles (deg) 
C20-N1-C22 117.789(1)̊ C21-N2-C19 114.561(2)̊ 
C33-N3-C31 114.416(2)̊ C30-N4-C32 115.751(1)̊ 
C8-N5-C10 115.162(2)̊ C9-N6-C11 116.080(1)̊ 
 
Table 5.3. Selected bond distances (Å) and angles (deg.) of compound 2. 
V-O bonds 
Bond type Bond length (Å) Bond type Bond length (Å) 
V1-O1 1.595(4) V1-O4 1.762(4) 
V1-O3 1.888(4) V1-O5 1.963(4) 
V1-O6 2.118(4) V1-O13 2.320(3) 
V2-O2 1.604(4) V2-O8 1.724(4) 
V2-O7 1.926(4) V2-O5 1.960(4) 
V2-O6 2.125(4) V2-O13 2.278(4) 
V3-O11 1.598(4) V3-O3 1.845(4) 
V3-O10 1.873(4) V3-O8 1.991(4) 
V3-O12 2.012(4) V3-O13 2.337(4) 
V4-O9 1.596(4) V4-O10 1.784(4) 
V4-O4 1.895(4) V4-O7 1.958(4) 
V4-O14 2.089(4) V4-O13 2.353(5) 
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V5-O14 1.677(4) V5-O12 1.698(4) 
V5-O5 1.894(4) V5-O6 2.032(3) 
V5-O13 2.073(4) V5-O13 2.133(4) 
Cu-N bonds & Angles 
Cu1-N3 2.018(6) ×2 Cu1-N4 2.006(5) ×2 
Cu1-N5 2.681(1) Cu1-N6 2.026(5) 
N3-Cu1-N6 118.552(3) N6-Cu1-N4 118.061(3) 
N4-Cu1-N3 123.230(4)   
Cu-Cu bond 
Cu1-Cu1 2.686(15)   
N-N bite distance 
N1-N2 3.115(1) N3-N4 3.103(1) 
N5-N6 2.998(1)   
C-N-C Angles (deg) 
C9-N1-C11 117.789(1)̊ C8-N2-C10 114.561(2)̊ 
C19-N3-C21 114.416(2)̊ C20-N4-C22 115.751(1)̊ 
C30-N5-C32 115.162(2)̊ C31-N6-C33 116.080(1)̊ 
 
Table 5.4. Selected bond distances (Å) and angles (deg.) of compound 3 
V-O bonds 
Bond type Bond length Bond type Bond length 
V1-O1 1.617(8) V1-O3 1.804(10) 
V1-O4 1.800(10) V1-O6 2.023(9) 
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V1-O5 2.020(9) V1-O13 2.239(9) 
V2-O2 1.583(9) V2-O7 1.810(9) 
V2-O8 1.811(10) V2-O6 1.990(9) 
V2-O5 2.000(9) V2-O13 2.272(9) 
V3-O9 1.585(10) V3-O10 1.817(9) 
V3-O8 1.878(9) V3-O3 1.886(9) 
V3-O12 2.042(10) V3-O13 2.340(10) 
V4-O11 1.614(9) V4-O10 1.818(10) 
V4-O4 1.913(9) V4-O7 1.896(9) 
V4-O14 2.057(10) V4-O13 2.330(10) 
V5-O12 1.684(10) V5-O14 1.683(10) 
V5-O6 1.924(8) V5-O5 1.935(9) 
V5-O13 2.110(11) V5-O13 2.071(10) 
V6-O15 1.628(9) V6-O18 1.803(9) 
V6-O17 1.798(10) V6-O20 2.037(10) 
V6-O19 2.033(9) V6-O27 2.239(9) 
V7-O16 1.617(8) V7-O22 1.847(9) 
V7-O21 1.807(9) V7-O20 1.995(9) 
V7-O19 2.032(10) V7-O27 2.279(9) 
V8-O23 1.585(10) V8-O24 1.814(9) 
V8-O22 1.858(9) V8-O17 1.884(9) 
V8-O26 2.062(9) V8-O27 2.344(9) 
V9-O25 1.602(9) V9-O24 1.813(10) 
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V9-O21 1.873(9) V9-O18 1.904(8) 
V9-O28 2.062(10) V9-O27 2.076(10) 
V10-O28 1.714(10) V10-O26 1.714(11) 
V10-O19 1.936(9) V10-O20 1.920(9) 
V10-O27 2.077(9) V10-O27 2.076(10) 
Cu-N & Cu-O bonds & Angles 
Cu1-N1 1.893(11) Cu1-N2 2.760(2) 
Cu2-N3 2.740(2) Cu2-N4 1.894(13) 
Cu3-N5 2.753(2) Cu3-N6 1.878(12) 
Cu3-N7 2.749(2) Cu3-N8 1.896(13) 
Cu3-O49W 2.443(2) Cu3-O50W 2.376(18) 
Cu4-O34W 2.051(11) Cu4-O35W 2.141(12) 
Cu4-O36W 1.952(10) Cu4-O37W 2.049(11) 
Cu4-O38W 2.146(11) Cu4-O15 2.244(9) 
Cu5-O29W 2.026(9) Cu5-O30W 1.963(9) 
Cu5-O31W 2.148(10) Cu5-O32W 1.981(9) 
Cu5-O33W 2.145(10) Cu5-O1 2.270(9) 
N-N bite distance 
N1-N2 3.009(2) N3-N4 3.014(2) 
N5-N6 3.030(2) N7-N8 3.034(2) 
C-N-C Angles 
C8-N1-C10 117.443(8)̊ C9-N2-C11 110.940(8)̊ 
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C19-N3-C21 113.852(9)̊ C20-N4-C22 117.049(8) 
C42-N5-C44 114.037(9)̊ C41-N6-C43 115.029(8)̊ 
C31-N7-C33 117.487(9)̊ C30-N8-C32 115.696(8)̊ 
 
Table 5.5. Selected bond valence sum of compound 1. 
Atoms Bond 
distance 
Bond valence 
for V5+ 
BVS for V5+ Bond valence 
for V4+ 
BVS for V4+ 
V1-
O14 
1.688(5
) 
1.36  
 
 
4.94 
1.30  
 
 
4.70 
V1-
O12 
1.690(5
) 
1.36 1.29 
V1-O5 1.903(5
) 
0.76 0.72 
V1-O6 2.028(5
) 
0.54 0.52 
V1-
O13 
2.084(5
) 
0.47 0.44 
V1-
O13 
2.101(5
) 
0.45 0.42 
V2-O9 1.594(5
) 
1.76  
 
 
5.02 
1.67  
 
 
4.76 
V2-
O11 
1.830(4
) 
0.93 0.88 
V2-O8 1.855(5
) 
0.87 0.83 
V2-O4 1.943(5
) 
0.68 0.65 
V2-
O14 
2.043(5
) 
0.52 0.50 
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V2-
O13 
2.316(5
) 
0.25 0.24 
V3-
O10 
1.593(5
) 
1.76  
 
 
4.99 
1.68  
 
 
4.74 
V3-O7 1.824(5
) 
0.95 0.90 
V3-
O11 
1.860(4
) 
0.86 0.81 
V3-O3 1.974(5
) 
0.63 0.60 
V3-
O12 
2.019(5
) 
0.56 0.53 
V3-
O13 
2.343(5
) 
0.23 0.22 
V4-O2 1.596(5
) 
1.75  
 
5.03 
1.66  
 
4.78 
V4-O8 1.796(5
) 
1.02 0.97 
V4-O7 1.850(5
) 
0.88 0.84 
V4-O5 1.983(5
) 
0.61 0.58 
V4-O6 2.045(5
) 
0.52 0.49 
V4-
O13 
2.320(5
) 
0.25 0.24 
V5-O1 1.607(5
) 
1.70  
 
1.61  
 
V5-O3 1.834(5
) 
0.92 0.87 
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V5-O4 1.860(5
) 
0.86 4.90 0.81 4.66 
V5-O5 1.992(5
) 
0.60 0.57 
V5-O6 2.038(5
) 
0.53 0.50 
V5-
O13 
2.256(5
) 
0.29 0.28 
Average oxidation state 4.98 
 
Atom Bond distance Bond valence for N3- BVS for N3- 
N1-C22 1.340(9) -1.32  
-2.97 N1-C20 1.356(9) -1.26 
N1-Cu1 1.944(6) -0.39 
N2-C19 1.354(10) -1.27  
-2.68 N2-C21 1.322(9) -1.38 
N2-Cu1 2.695(1) -0.03 
N3-C31 1.344(10) -1.30  
-2.70 N3-C33 1.328(9) -1.36 
N3-Cu1 2.860(1) -0.03 
N4-C32 1.341(9) -1.31  
-2.98 N4-C30 1.359(9) -1.25 
N4-Cu1 1.921(6) -0.41 
N5-C10 1.332(10) -1.35  
N5-C8 1.346(13) -1.29 
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N5-Cu2 2.769(1) -0.04 -2.68 
N6-C9 1.368(12) -1.22  
-2.99 N6-C11 1.337(11) -1.33 
N6-Cu2 1.897(6) -0.44 
 
Atom Bond distance Bond valence for O2- BVS for O2- 
O1-V5 1.607(5) -1.70 -1.70 
O2-V4 1.596(5) -1.75 -1.75 
O3-V5 1.834(5) -0.92  
-1.55 O3-V3 1.974(5) -0.63 
O4-V5 1.860(5) -0.86  
-1.54 O4-V2 1.943(5) -0.68 
O5-V1 1.903(5) -0.76  
-1.98 O5-V4 1.983(5) -0.61 
O5-V5 1.992(5) -0.60 
O6-V4 2.045(5) -0.52  
-1.59 O6-V5 2.038(5) -0.53 
O6-V1 2.028(5) -0.54 
O7-V3 1.824(5) -0.95  
-1.83 O7-V4 1.850(5) -0.88 
O8-V4 1.796(5) -1.02 -1.89 
O8-V2 1.855(5) -0.87 
O9-V2 1.594(5) -1.76 -1.76 
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O10-V3 1.593(5) -1.76 -1.76 
O11-V2 1.830(4) -0.93  
-2.06 O11-V3 1.860(5) -0.86 
O11-Cu1 2.239(1) -0.28 
O12-V1 1.690(5) -1.36  
-1.92 O12-V3 2.019(5) -0.56 
O13-V1 2.084(5) -0.47  
 
 
-1.96 
O13-V1 2.084(5) -0.47 
O13-V5 2.256(5) -0.29 
O13-V4 2.320(5) -0.25 
O13-V2 2.316(5) -0.25 
O13-V3 2.343(5) -0.23 
O14-V1 1.688(5) -1.36  
-1.89 O14-V2 2.043(5) -0.52 
O15-C23 1.212(8) -1.62 -1.62 
O16-C1 1.215(9) -1.60 -1.60 
O17-C12 1.229(9) -1.54 -1.54 
 
Atom Bond distance 
Bond valence 
for Cu2+ BVS for Cu2+ 
Bond valence 
for Cu+ BVS for Cu
+ 
Cu1-N4 1.921(6
) 
0.65  
 
0.46  
 
Cu1-N1 1.944(6
) 
0.61 0.43 
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Cu1-N2 2.695(1
) 
0.08 1.67 0.06 1.17 
Cu1-N3 2.860(1
) 
0.05 0.04 
Cu1-
O11 
2.239(1
) 
0.28 0.19 
Cu2-N5 2.769(1
) 
0.07  
 
1.52 
0.05  
 
1.06 
Cu2-N5 2.769(1
) 
0.07 0.05 
Cu2-N6 1.897(6
) 
0.70 0.49 
Cu2-N6 1.897(6
) 
0.70 0.49 
 
Table 5.6. Selected bond valence sum of compound 2. 
Atoms Bond distance 
Bond 
valence for 
V5+ 
BVS for V5+ Bond valence for V4+ BVS for V
4+ 
V1-O1 1.594(4
) 
1.75  
 
 
5.00 
 
1.67  
 
 
4.75 
 
V1-O4 1.761(4
) 
1.12 1.06 
V1-O3 1.888(4
) 
0.80 0.76 
V1-O5 1.963(4
) 
0.65 0.62 
V1-O6 2.118(4
) 
0.43 0.41 
V1-O13 2.320(3
) 
0.25 0.23 
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V2-O2 1.604(4
) 
1.71  
 
 
5.02 
 
1.63  
 
 
4.77 
 
V2-O8 1.724(4
) 
1.24 1.18 
V2-O7 1.926(4
) 
0.72 0.68 
V2-O5 1.960(4
) 
0.65 0.62 
V2-O6 2.125(4
) 
0.42 0.40 
V2-O13 2.278(4
) 
0.28 0.26 
V3-O11 1.598(4
) 
1.74  
 
 
4.86 
 
1.65  
 
 
4.62 
 
V3-O3 1.845(4
) 
0.89 0.85 
V3-O10 1.873(4
) 
0.83 0.79 
V3-O8 1.991(4
) 
0.60 0.57 
V3-O12 2.012(4
) 
0.57 0.54 
V3-O13 2.337(4
) 
0.24 0.22 
V4-O9 1.596(4
) 
1.75  
 
 
4.93 
 
1.66  
 
 
4.68 
 
V4-O10 1.784(4
) 
1.05 1.00 
V4-O4 1.895(4
) 
0.78 0.74 
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V4-O7 1.958(4
) 
0.66 0.63 
V4-O14 2.089(4
) 
0.46 0.44 
V4-O13 2.353(5
) 
0.23 0.21 
V5-O14 1.677(4
) 
1.41  
 
 
4.95 
 
1.34  
 
 
4.70 
V5-O12 1.698(4
) 
1.33 1.26 
V5-O5 1.894(4
) 
0.78 0.74 
V5-O6 2.032(3
) 
0.54 0.51 
V5-O13 2.073(4
) 
0.48 0.46 
V5-O13 2.133(4
) 
0.41 0.39 
Average oxidation state 4.95 
 
Atom Bond distance Bond valence for N3- BVS for N
3- 
N1-C11 1.319(8) -1.50  
-2.87 N1-C9 1.356(8) -1.36 
N2-C10 1.336(8) -1.43  
-2.83 N2-C8 1.345(8) -1.40 
N3-C21 1.334(7) -1.44  
N3-C19 1.363(8) -1.34 
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N3-Cu1 2.018(5) -0.33 -3.11 
N4-C22 1.334(8) -1.44  
-3.12 N4-C20 1.362(7) -1.34 
N4-Cu1 2.006(5) -0.34 
N5-C32 1.318(8) -1.51  
-2.95 N5-C30 1.350(8) -1.38 
N5-Cu1 2.681(1) -0.06 
N6-C33 1.338(8) -1.43  
-3.10 N6-C31 1.361(8) -1.34 
N6-Cu1 2.026(5) -0.32 
 
Atoms Bond 
distance 
Bond valence 
for Cu2+ 
BVS for Cu2+ Bond 
valence for 
Cu+ 
BVS for Cu+ 
Cu1-N3 2.018(5) 0.40  
 
1.27 
0.32  
 
1.01 
Cu1-N4 2.006(5) 0.41 0.33 
Cu1-N5 2.681(1) 0.07 0.05 
Cu1-N6 2.026(5) 0.39 0.31 
 
Atom Bond distance 
Bond valence 
for O2- BVS for O
2- 
O1-V1 1.594(4) -1.75 -1.75 
O2-V2 1.604(4) -1.71 -1.71 
O3-V3 1.845(4) -0.89 -1.69 
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O3-V1 1.888(4) -0.80 
O4-V1 1.762(4) -1.12 
-1.90 
O4-V4 1.895(4) -0.78 
O5-V5 1.894(4) -0.78  
-2.09 O5-V2 1.960(4) -0.65 
O5-V1 1.963(4) -0.65 
O6-V5 2.032(3) -0.54  
 
-2.04 
O6-V1 2.118(4) -0.43 
O6-V2 2.125(4) -0.42 
O6-H 0.943(4) -0.66 
O7-V2 1.926(4) -0.72  
-2.02 O7-V4 1.958(4) -0.66 
O7-H 0.952(4) -0.64 
O8-V2 1.724(4) -1.24 
-1.84 
O8-V3 1.991(4) -0.60 
O9-V4 1.596(4) -1.75 -1.75 
O10-V4 1.784(4) -1.05 
-1.88 
O10-V3 1.873(4) -0.83 
O11-V3 1.598(4) -1.74 -1.74 
O12-V5 1.698(4) -1.33 
-1.90 
 O12-V3 2.012(4) -0.57 
O13-V5 2.073(4) -0.48  
 O13-V5 2.133(4) -0.41 
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O13-V2 2.278(4) -0.28  
-1.88 
 O13-V1 2.320(3) -0.25 
O13-V3 2.337(4) -0.24 
O13-V4 2.353(5) -0.23 
O14-V5 1.677(4) -1.43 
-1.89 
 O14-V4 2.089(4) -0.46 
O15-C1 1.188(8) -1.73 -1.73 
O16-C12 1.198(8) -1.68 -1.68 
O17-C23 1.209(8) -1.63 -1.63 
 
Table 5.7. Selected bond valence sum of compound 3. 
Atoms Bond distance 
Bond 
valence for 
V5+ 
BVS for V5+ Bond valence for 
V4+ 
BVS for V4+ 
V1-O1 1.617(8) 1.65  
 
 
5.07 
 
1.57  
 
 
4.82 
 
V1-O3 1.804(10) 1.00 0.95 
V1-O4 1.800(10) 1.01 0.96 
V1-O6 2.023(9) 0.55 0.52 
V1-O5 2.020(9) 0.56 0.53 
V1-O13 2.239(9) 0.31 0.29 
V2-O2 1.583(9) 1.81  
 
 
1.72  
 
 
V2-O7 1.810(9) 0.98 0.93 
V2-O8 1.811(10) 0.98 0.93 
V2-O6 1.990(9) 0.60 0.57 
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V2-O5 2.000(9) 0.59 5.24 
 
0.56 4.98 
 
V2-O13 2.272(9) 0.28 0.27 
V3-O9 1.585(10) 1.80  
 
 
5.14 
 
1.71  
 
 
4.88 
 
V3-O10 1.817(9) 0.96 0.92 
V3-O8 1.878(9) 0.82 0.78 
V3-O3 1.886(9) 0.80 0.76 
V3-O12 2.042(10) 0.52 0.50 
V3-O13 2.340(10) 0.23 0.22 
V4-O11 1.614(9) 1.67  
 
4.89 
 
1.58  
 
4.65 
 
V4-O10 1.818(10) 0.96 0.91 
V4-O4 1.913(9) 0.74 0.71 
V4-O7 1.896(9) 0.78 0.74 
V4-O14 2.057(10) 0.50 0.48 
V4-O13 2.330(10) 0.24 0.23 
V5-O12 1.684(10) 1.38  
 
 
5.11 
 
1.31  
 
 
4.85 
 
V5-O14 1.683(10) 1.38 1.31 
V5-O6 1.924(8) 0.72 0.68 
V5-O5 1.935(9) 0.70 0.66 
V5-O13 2.071(10) 0.49 0.46 
V5-O13 2.110(11) 0.44 0.41 
V6-O15 1.628(9) 1.61  
 
1.52  
 V6-O18 1.803(9) 1.00 0.95 
V6-O17 1.798(10) 1.01 0.96 
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V6-O20 2.037(10) 0.53  
4.99 
 
0.50  
4.74 
 
V6-O19 2.033(9) 0.54 0.51 
V6-O27 2.239(9) 0.31 0.29 
V7-O16 1.617(8) 1.65  
 
 
4.94 
 
1.57  
 
 
4.69 
 
V7-O22 1.847(9) 0.89 0.84 
V7-O21 1.807(9) 0.99 0.94 
V7-O20 1.995(9) 0.60 0.57 
V7-O19 2.032(10) 0.54 0.51 
V7-O27 2.279(9) 0.28 0.26 
V8-O23 1.585(10) 1.80  
 
 
5.17 
 
1.71  
 
 
4.91 
 
V8-O24 1.814(9) 0.97 0.92 
V8-O22 1.858(9) 0.86 0.82 
V8-O17 1.884(9) 0.80 0.76 
V8-O26 2.062(9) 0.50 0.47 
V8-O27 2.344(9) 0.23 0.22 
V9-O25 1.602(9) 1.72  
 
 
5.02 
 
1.64  
 
 
4.77 
 
V9-O24 1.813(10) 0.97 0.93 
V9-O21 1.873(9) 0.83 0.79 
V9-O18 1.904(8) 0.76 0.72 
V9-O28 2.062(10) 0.50 0.47 
V9-O27 2.337(9) 0.24 0.22 
V10-
O28 
1.714(10) 1.27  1.21  
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V10-
O26 
1.714(11) 1.27  
 
4.92 
 
1.21  
 
4.68 
V10-
O19 
1.936(9) 0.70 0.66 
V10-
O20 
1.920(9) 0.73 0.69 
V10-
O27 
2.077(9) 0.48 0.45 
V10-
O27 
2.076(10) 0.48 0.45 
Average oxidation state 5.05 
 
Atom Bond Distance Bond Valence BVS 
N1-C10 1.320(2) -1.40  
-3.02 N1-C8 1.384(17) -1.17 
N1-Cu1 1.893(11) -0.44 
N2-C9 1.438(19) -1.01  
-2.47 N2-C11 1.313(18) -1.42 
N2-Cu1 2.760(2) -0.04 
N3-C21 1.348(18) -1.29  
-2.57 N3-C19 1.364(18) -1.24 
N3-Cu2 2.740(2) -0.05 
N4-C22 1.290(2) -1.50  
-3.14 N4-C20 1.376(17) -1.20 
N4-Cu2 1.894(13) -0.44 
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N5-C42 1.331(18) -1.35  
-2.84 
 
N5-C44 1.306(18) -1.44 
N5-Cu3 2.753(2) -0.04 
N6-C43 1.340(2) -1.30  
-3.06 N6-C41 1.346(16) -1.29 
N6-Cu3 1.878(12) -0.46 
N7-C33 1.331(17) -1.35  
-2.74 N7-C31 1.333(18) -1.34 
N7-Cu3 2.749(2) -0.04 
N8-C32 1.360(2) -1.26  
-2.95 N8-C30 1.358(16) -1.25 
N8-Cu3 1.896(13) -0.44 
 
Atom Bond 
Distance 
Bond valence 
for Cu2+ 
BVS for 
Cu2+ 
Bond 
valence for 
Cu+ 
BVS for 
Cu+ 
Cu1-N1 1.893(11) 0.70  
 
1.54 
 
0.49  
 
1.08 
 
Cu1-N1 1.893(11) 0.70 0.49 
Cu1-N2 2.760(2) 0.07 0.05 
Cu1-N2 2.760(2) 0.07 0.05 
Cu2-N3 2.740(2) 0.07  
 
1.55 
 
0.05  
 
1.08 
 
Cu2-N3 2.740(2) 0.07 0.05 
Cu2-N4 1.894(13) 0.70 0.49 
Cu2-N4 1.894(13) 0.70 0.49 
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Cu3-N5 2.753(2) 0.07  
1.71 
 
0.05  
1.21 
 Cu3-N6 1.878(12) 0.73 0.51 
Cu3-N7 2.749(2) 0.07 0.05 
Cu3-N8 1.896(13) 0.70 0.49 
Cu3-O49W 2.443(2) 0.06 0.05 
Cu3-O50W 2.376(18) 0.08 0.06 
Cu4-O34W 2.051(11) 0.37  
 
 
 
2.00 
 
0.29  
 
 
 
1.58 
 
Cu4-O35W 2.141(12) 0.29 0.23 
Cu4-O36W 1.952(10) 0.48 0.38 
Cu4-O37W 2.049(11) 0.37 0.29 
Cu4-O38W 2.146(11) 0.28 0.22 
Cu4-O15 2.244(9) 0.22 0.17 
Cu5-O29W 2.026(9) 0.39  
 
 
 
2.07 
 
0.31  
 
 
 
1.64 
Cu5-O30W 1.963(9) 0.46 0.37 
Cu5-O31W 2.148(10) 0.28 0.22 
Cu5-O32W 1.981(9) 0.44 0.35 
Cu5-O33W 2.145(10) 0.28 0.23 
Cu5-O1 2.270(9) 0.20 0.16 
 
Atom Bond 
Distance 
Bond 
Valence for 
O2- 
BVS for 
O2- 
O1-V1 1.617(8) -1.65 -1.65 
O2-V2 1.583(9) -1.81 -1.81 
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O3-V1 1.804(10) -1.00 -1.80 
 
O3-V3 1.886(9) -0.80 
O4-V1 1.800(10) -1.01 -1.75 
 
O4-V4 1.913(9) -0.74 
O5-V5 1.935(9) -0.70  
-1.84 
 O5-V2 2.000(9) -0.59 
O5-V1 2.020(9) -0.56 
O6-V5 1.924(8) -0.72  
-1.88 
 O6-V2 1.990(9) -0.60 
O6-V1 2.023(9) -0.55 
O7-V2 1.810(9) -0.98 -1.76 
 
O7-V4 1.896(9) -0.78 
O8-V2 1.811(10) -0.98 -1.80 
 
O8-V3 1.878(9) -0.82 
O9-V3 1.585(10) -1.80 -1.69 
O10-V3 1.817(9) -0.96 -1.92 
 
O10-V4 1.818(10) -0.96 
O11-V4 1.614(9) -1.67 -1.67 
O12-V5 1.684(10) -1.38 -1.90 
 
O12-V3 2.042(10) -0.52 
O13-V5 2.071(10) -0.48  
 
 
O13-V5 2.110(11) -0.48 
O13-V1 2.239(9) -0.31 
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O13-V2 2.272(9) -0.28 -2.03  
O13-V3 2.340(10) -0.23 
O13-V4 2.330(10) -0.24 
O14-V5 1.683(10) -1.38 -1.89 
 
O14-V4 2.057(10) -0.50 
O15-V6 1.628(9) -1.60 -1.60 
O16-V7 1.617(8) -1.65 -1.65 
O17-V6 1.798(10) -1.01 -1.82 
 
O17-V8 1.884(9) -0.80 
O18-V6 1.803(9) -1.00 -1.76 
 
O18-V9 1.904(8) -0.76 
O19-V10 1.936(9) -0.70  
-1.77 
 O19-V7 2.032(10) -0.54 
O19-V6 2.033(9) -0.54 
O20-V10 1.920(9) -0.73  
-1.86 
 O20-V7 1.995(9) -0.60 
O20-V6 2.037(10) -0.53 
O21-V7 1.807(9) -0.99 -1.82 
 
O21-V9 1.873(9) -0.83 
O22-V7 1.847(9) -0.89 -1.75 
 
O22-V8 1.858(9) -0.86 
O23-V8 1.585(10) -1.80 -1.80 
O24-V9 1.813(10) -0.97 -1.94 
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O24-V8 1.814(9) -0.97 
O25-V9 1.602(9) -1.72 -1.72 
O26-V10 1.714(11) -1.27 -1.77 
 
O26-V8 2.062(9) -0.50 
O27-V10 2.077(9) -0.48  
 
 
-2.25 
 
O27-V10 2.076(10) -0.48 
O27-V6 2.239(9) -0.31 
O27-V7 2.279(9) -0.28 
O27-V9 2.076(10) -0.48 
O27-V8 2.344(9) -0.23 
O28-V10 1.714(10) -1.27  
-1.77 O28-V9 2.062(10) -0.50 
O29W-Cu5 2.026(9) -0.39  
-1.65 O29W-H 0.960 -0.63 
O29W-H 0.960 -0.63 
O30W-Cu5 1.963(9) -0.46  
-1.73 O30W-H 0.960 -0.63 
O30W-H 0.960 -0.63 
O31W-Cu5 2.148(10) -0.28  
-1.54 O31W-H 0.960 -0.63 
O31W-H 0.960 -0.63 
O32W-Cu5 1.981(9) -0.44  
 O32W-H 0.960 -0.63 
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O32W-H 0.960 -0.63 -1.70 
O33W-Cu5 2.145(10) -0.28  
-1.55 O33W-H 0.960 -0.63 
O33W-H 0.960 -0.63 
O34W-Cu4 2.051(11) -0.37  
-1.63 O34W-H 0.960 -0.63 
O34W-H 0.960 -0.63 
O35W-Cu4 2.141(12) -0.29  
-1.55 O35W-H 0.960 -0.63 
O35W-H 0.960 -0.63 
O36W-Cu4 1.952(10) -0.48  
-1.74 O36W-H 0.960 -0.63 
O36W-H 0.960 -0.63 
O37W-Cu4 2.049(11) -0.37  
-1.63 O37W-H 0.960 -0.63 
O37W-H 0.960 -0.63 
O38W-Cu4 2.146(11) -0.28  
-1.55 O38W-H 0.960 -0.63 
O38W-H 0.960 -0.63 
O39-C1 1.210(2) -1.65 -1.65 
O40-C12 1.200(2) -1.66 -1.66 
O41-C23 1.210(2) -1.63 -1.63 
O42-C34 1.230(2) -1.55 -1.55 
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214 
 
 
 
 
 
 
 
 
Figure. 5.11. Partial structure of 1D chain-like structure (center) comprised of 
alternating [V10O28] cluster. which is capped by two [Cu(dafone)2] complexing units 
(upper right), and “triple-decker [Cu(dafone)2]3” (lower left) extending along b. 
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(dafone)2[CuI(dafone)2]2(H4V10O28)⋅3H2O (2) 
2 crystalizes in the triclinic space group of P-1 (No.2), Table 5.1. Fig. 5.12 shows the 
packing of three building blocks of the structure – [V10O28] cluster, dafone-bridged copper 
dimeric unit [Cu2(dafone)b2(dafone)t2] (Fig. 5.12b), and isolated dafone molecule (Fig. 
5.12c). A new construction is seen in the copper-dafone complexation in that two copper 
atoms are bridged by two symmetry related dafone molecules (dafone)b resulting in four 
short Cu-N bonds, 2.018(6) Å ( × 2) for Cu-N3 and 2.006(5) Å ( × 2) for Cu-N4 (Table 
5.3). Each copper is chelated by an additional “terminal” dafone molecule (dafone)t, and, 
because of the steric constraint of small ∠N5-Cu-N6 angle 77.72(2)o, it results in one 
short, 2.026(5) Å for Cu-N6, and one long, 2.681(1) Å for Cu-N5, Cu-N distances. The 
coordination geometry with respect to the three short Cu-N bonds around Cu can almost 
be regarded as an ideal trigonal planar given three approximately similar ∠N-Cu-N bond 
angles, which are 118.552(3)o, 118.061(3)o and 123.230(4)o, and a sum 359.84o of nearly 
perfect planar angle. Furthermore, the long Cu-N5 bond is located at the opposite side of 
the bridged Cu⋅⋅⋅Cu dimer, 2.686(15) Å, to result in an almost linear ∠N5-Cu-Cu angle, 
177.55(3)o. Given the description above, the coordination geometry around Cu can be 
considered as distorted trigonal bipyramidal. Relatively, 2 adopts more extensive 
intermolecular forces than 1, including hydrogen bonding through protonated O6 and O7 
of decavanadate anion (H4V10O282-) and π–π interactions between dafone molecules, as 
shown in Fig. 5.12d and e. The former reveals the O6-H⋅⋅⋅N2 and O7-H⋅⋅⋅N1 linkages 
where hydrogen bonding is highlighted by dotted lines. It is important to note that the bond 
distances of O6-H and O7-H are 0.943(4) Å and 0.952(4) Å, respectively; and each proton 
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provides, according to the bond valence calculations (see below), almost one negative 
charge to the O2- anion. A charge-balanced chemical formula 
(dafone)2[CuI(dafone)2]2(H4V10O28)⋅3HO was then proposed and later substantiated by 
TGA and XPS results, see below. 
 
[CuI(dafone)2]2[CuII(H2O)5]2V10O28∙6.5H2O (3) 
3 crystalizes in the triclinic space group P-1 (No.2) with the unit cell structure, as shown 
in Fig. 5.13, consisting of three building blocks, namely decavanadate [V10O28] cluster, 
[Cu(dafone)2] complex unit, and [Cu(H2O)5], in addition to 6.5 mol crystalline water 
molecules. There are five copper atoms in each asymmetric unit. Cu(1~3) reside in the 
[CuI(dafone)2] unit and Cu(4~5) in [CuII(H2O)5]. Similar to that in 1, the [Cu(dafone)2] unit 
exhibits a distorted square planar coordination geometry where each monovalent copper 
atom bonds to two dafone molecules with one short and one long Cu-N bond per chelating 
molecule (Table 5.4). The divalent copper cation coordinates with five crystalline water 
molecules adopting a square pyramidal geometry. The [V10O28] cluster occupies the sixth 
coordination site through bonding to a vanadyl oxygen atom of decavanadate cluster, i.e., 
Cu4-O15 and Cu5-O1, resulting in an octahedral coordinated copper. The respective Cu-
O bond distances are 2.244(9) Å and 2.270(9) Å, which are slightly longer than 2.13 Å, the 
sum of Shannon crystal radii of 0.87 Å for Cu2+(VI) and 1.26 Å for O2- 36. The 
intermolecular interaction is complex due to the existence of a large amount of crystalline 
water molecules residing in the interspace of packed building blocks. The water molecules 
intuitively form hydrogen bonding with dafone molecules through nitrogen sites and 
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decavanadate clusters through terminal oxygen sites. As shown in Fig. 5.13b, 
[CuI(dafone)2] moieties are stacked along the crystallographic an axis with π-π interactions 
through interspace. The parallel [CuI(dafone)2] stacks of alternating dafone 
chelated⋅[⋅Cu3⋅⋅⋅Cu3⋅⋅] ∞  and ⋅[⋅Cu1⋅⋅⋅Cu2⋅⋅] ∞  chains are packed in a herring-bone 
arrangement. It is noted that quarter-occupied water molecules are located between the 
parallelly packed complex units playing a critical role in structure extension through 
hydrogen bonding. Each decavanadate cluster is capped with two [Cu(H2O)5] 
coordinatively unsaturated units. The formation of hydrogen bonding between neighboring 
building blocks stabilizes the packing of [(H2O)5Cu-POV-Cu(H2O)5] units (Fig. 5.13c). 
Aside from the uncertainty of proton positions, we propose a reasonable structural formula 
of [CuI(dafone)2]2[CuII(H2O)5]2V10O28∙6.5H2O for continued discussion. The oxidation 
states of Cu and V are evaluated by bond valence sum calculations (Table 5.7) and the 
electronic states of respective transition metal ions are confirmed by XPS spectroscopy, 
see below. 
 
BVS calculations 
Bond valence sum (BVS) calculations (Tables 5.5-5.7) were performed to evaluate the 
oxidation states of the transition metals, oxygens and nitrogen. These calculations reveal 
an average oxidation state of V5+. The copper atoms in Cu-dafone complexes are 
monovalent, Cu+, and in coordination with water molecules are divalent Cu2+. The 
aforementioned H assignments for O6 and O7 in the [H4V10O28]2- cluster of 2 represent an 
example of using BVS values (Table 5.6) to propose the stoichiometry of hydrogen. 
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Figure. 5.12. (a) A partial structure of 2 showing the packing of building blocks, see 
text. (b) Building unit made of a copper dimeric unit bridged by dafone. (c) Structure 
of isolated dafone molecule. (d) Intermolecular interaction between isolated dafone 
molecules and [V10O28] cluster through hydrogen bonding (1.76 Å and 1.77 Å through 
N1 and N2, respectively) and π - π interaction (3.53 Å to N1 and 3.71 Å to N2). (e) The 
structure of propagated dafone molecules is secured by π - π interaction between dafone 
planes and hydrogen bonding due to water in the voids (center) of structure. 
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Figure. 5.13. Partial structure of 2 viewed along a-axis showing the packing of building 
blocks in compound 3. (b) [Cu(dafone)2] complexes are packed in a herring-bone 
arrangement with quarter-occupied water molecules coordinated to copper atoms in the 
space between parallel dafone molecules. (c) [(H2O)5Cu-POV-Cu(H2O)5 building 
blocks are in close-pack arrangement to optimize the formation of hydrogen bonding. 
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Meanwhile, for most O2- ions, the reasonable BVS values are 1.6 or above (see Table 5.7). 
It should be noted that not all the H assignments are made as clear cut and XPS and TGA 
data are used to indirectly confirm the proposed chemical formula. 
 
XPS analysis 
XPS was performed to investigate the oxidation state of the transition metal cations in 
the compounds. C 1s (284.8 eV) was applied as an internal reference to calibrate the XPS 
spectra of V 2p, Cu 2p and O 1s in the survey (Fig. 5.15) and high-resolution spectra (Fig. 
5.14). Fig. 5.14a shows the deconvoluted 2p3/2-2p1/2 doublets and O 1s of 1. The results 
of deconvolution for the 2p3/2 peak centered around 516.8 eV corresponding to V5+ and 
515.9 eV to V4+, with the intensity ratio of 9:1. The latter has led to x = 2/3 in the charge-
balanced chemical formula [CuI(Hxdafone)2]3VIVV9VO28∙5.25H2O. O 1s peaks centered 
about 530.0 eV and 531.4 eV are attributed to the oxygen atoms in two different 
environments. Respectively, one corresponds to the oxygen of the [V10O28] cluster and the 
other to that of the carbonyl group in dafone molecule. The Cu 2p only yields one peak at 
932.4 eV corresponding to the monovalent copper that is complexed by dafone molecules. 
The V 2p/O 1s pattern of the compound 2, shown in Fig. 5.14b, was evaluated similarly 
by the deconvolution process. The results indicate that the vanadium (2p3/2 516.8 eV) in 
2 is in fully oxidized V5+ oxidation state. The Cu 2p pattern reveals that the oxidation state 
of copper is Cu+. O 1s peaks centered about 529.8 eV and 531.5 eV are attributed to the 
oxygen atoms in respective [V10O28] cluster and dafone molecule.  
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By the same token, the oxidation state of vanadium in 3 is V5+ (2p3/2 517.2 eV). As 
noticed in Fig. 5.14c, the oxidation states of copper in 3 adopt Cu+ and Cu2+, with respective 
peaks located at 932.3 eV and 934.5 eV corresponding to CuII(H2O)5 and [CuI(dafone)]. 
These results are consistent with the prior assignments according to the combination of 
BVS calculations. The satellite peaks in the range of 940.0 eV and 950.0 eV were not taken 
into account in our analysis. 
 
TGA/DSC 
TGA and DSC were employed to study the thermal behavior of the title compounds. 
As shown in Fig. 5.16, the weight losses of all three compounds take place approximately 
in three stages. Compound 1, [CuI(Hxdafone)2]3VIVV9VO28∙5.25H2O (x = 2/3), initial 
weight loss of 4.10% is comparable to the theoretical value of 4.03% due to the loss of five 
and quarter crystalline waters. This is followed by two stages of thermal decomposition of 
dafone molecules starting around ca. 200 oC. 2, (dafone)2[CuI(dafone)2]2(H4V10O28)⋅3H2O, 
has a similar thermal behavior and closely compared weight loss due to thermal 
dehydration of crystalline water, 2.40% vs 2.41%. More detailed studies employing TGA-
MS are needed for a complete understanding of the extended thermal behavior beyond 200 
oC.  
3, [CuI(dafone)2]2[CuII(H2O)5]2V10O28∙6.5H2O, has a fairly different thermal 
decomposition behavior given early dehydration and multiple DSC peaks. The 
experimental vs theoretical weight losses attributed to the dehydration of crystalline water, 
however, are comparable under 200 oC, 13.0% vs 13.3%. 
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Figure. 5.14. XPS spectra showing V 2p and O 1s (left) and Cu 2p (right) in (a) 1, (b) 
2, and (c) 3. 
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Figure 5.15. The survey XPS spectra of (a) 1 (b) 2, and (c) 3. 
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Figure. 5.16. TGA/DSC of ground crystals of (a) 1, (b) 2, and (c) 3 under nitrogen 
flow. 
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Conclusions and future work 
This manuscript reports a convenient bench-top synthesis of POMOF compounds at 
room temperature in a co-solvent system composed of water and THF. A simple two-
electrode setup was used employing electrochemical energy (ΔG = -nFE) as an alternative 
driving force to enable phase nucleation below thermal activation energy. Three new 
phases were isolated from the solution containing decavanadate polyoxovanadate (POV) 
anion, [V10O28]6-, and 4,5-diazafluoren-9-one (dafone): namely 
[CuI(Hxdafone)2]3VIVV9VO28∙5.25H2O (1), (dafone)2[CuI(dafone)2]2(H4V10O28)⋅3H2O (2), 
and [CuI(dafone)2]2[CuII(H2O)5]2V10O28∙6.5H2O (3). The single-crystal X-ray structures 
reveal fascinating POMOFs made of POV and dafone coordinated CuI units stacked along 
1D chain-like and 2D layered arrays through π-π interactions. These new hybrid solids 
exhibit extended thermal stability with respect to the POV anions. The proposed proton 
position and its stoichiometry need to be further confirmed by neutron diffraction studies. 
Nevertheless, this study has demonstrated an effective approach toward the in-situ 
synthesis and simultaneous reduction of POMOFs, a subclass of functional materials made 
of organic-inorganic hybrids. Complementary to conventional hydrothermal (or 
solvothermal) methods, we anticipate new POMOF solids particularly containing 
thermally sensitive POMs will result via this demonstrated electrochemical crystal growth 
method. 
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CHAPTER SIX 
 
CONCLUSIONS AND FUTURE WORK 
 
 
The main objects of the research discussed in this dissertation involved the proof-of-
concept application of in-situ electrochemical crystal growth to the synthesis of POM-
containing materials at room temperature where the thermal energy necessary to overcome 
the activation energy barrier is largely absent. The study has shown that by using electrical 
energy as an alternative driving force, G = −nFE, a direct synthesis of compounds with 
desired chemical and/or physical property can be acquired. The resulting solids exhibit 
novel framework structures incorporating electronically reduced POM anions that cannot 
be achieved by conventional methods. Physical properties of selected phases were 
investigated showing enhanced thermal stability as well as electrical conductivity due to 
the formation of covalently linked POM clusters. The method used in the synthesis of 
POM-containing materials is complementary to the conventional methods published in the 
literatures so far in terms of exploring new POM-containing materials. The new approach 
we have developed is unique due to its facile nature of experimental setup, simultaneous 
reduction of multinuclear clusters, and inclusivity towards thermal-sensitive POM 
molecules. Furthermore, varying external potential allows an increase in charge density of 
POM anions due to electronic reduction and promotes the formation of covalent bonds 
between transitional metal ions and POM clusters.1 Thus, in addition to 0-dimensional 
POM−M linkage, POM anions can be strung together via transition metal ions (M) to form 
extended POM−M−POM linkages regarding 1-dimensional, 2-dimensional or 3-
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dimensional structures. The new method was not only applied for inorganic synthesis, but 
also for the synthesis of POM-based inorganic-organic hybrid materials. Through 
introducing organic ligands, functional architectures based on POM-containing structures 
may form for desired materials applications. We successfully introduced organic linkers to 
the electrocrystallization reaction system by using a mixed solvent and obtained, for the 
first time, hybrid materials regarding polyoxometalate-organic-frameworks (POMOFs). 
The results have demonstrated that it is worthy of further investigation especially as applied 
for the electrochemical synthesis of hybrid materials of technological importance. 
Characterization of obtained compounds mentioned in this dissertation revealed POM 
anions exhibit intrinsic advantages in the synthesis of materials with functional 
architectures, for example, 1) POM is able to accept a number of electrons by 
electroreduction without significant structural change, 2) POM is relatively stable in either 
strongly or moderately acidic environments, allowing a chance to adjust pH values to 
prevent the formation of precipitation caused by counter cations, 3) The highly symmetrical 
POM clusters with respect to 2-fold, 3-fold and 4-fold symmetry axes are excellent 
candidates as a building block, accompanied with the tunability of electropositive cations, 
to construct frameworks in desired dimensionality of interconnected POM clusters. 
The research presented in this dissertation is primarily focused on synthesis using this 
new electrochemical approach. As introduced in the introduction chapter, POM-based 
materials have been applied in catalysis, medicines, battery, and magnetic materials, 
therefore, exploration of material properties related to these applications should be further 
investigated. Subsequently, new electrochemical cell design for scale up synthesis should 
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be included in the future investigation in order for the exploration of potential applications 
of new materials. The summary of each chapter will be presented in the next paragraphs as 
well as the future directions based on the research work we have done. 
In Chapter 3, some new α-Keggin polyoxomolybdate-based ([PMo12O40](3+n)−) 
compounds were presented. These new compounds are comprised of dimeric oxo-
transition-metal linkers between phosphomolybdate (POMo) and phosphotungstate (POW) 
clusters in 2-dimensional and 3-dimensional arrays that are tunable by alkali metal counter 
cations. In contrast to the conventional methods, these α-Keggin-based compounds are 
exclusively synthesized via electrocrystallization. Notably, this is the first reported use of 
in-situ electrochemical crystal growth in which silver wires were employed as electrodes 
to obtain nucleation and simultaneous reduction of POM-containing materials. As a result 
of applied voltage, we also found that the synthetic α-Keggin based compounds are 
electronically reduced. Apart from that, the electrochemical approach is the only method 
that allows the synthesis of these α-Keggin based compounds mentioned in this chapter. 
For comparison, reflux method was also applied with identical precursor solutions, only 
the Rb-containing analogue was successfully synthesized, but notably with fully oxidized 
α-Keggin phosphomolybdate anions. By solving the crystal structures of these compounds, 
we came to realize the formation of a dimeric cobalt oxide unit, a rarely seen multinuclear 
linker, and the tunable framework structure by electropositive monovalent alkali metal 
cations. Depending on the electropositive cation, the overall structure can be tetragonal 
when K+ is incorporated and cubic otherwise for Rb+. K-containing phosphomolybdate 
based compound was determined to be comprised of a 2-dimensional framework with 
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dimeric oxo-cobalt ‘bridge’ between clusters along a and b directions of the tetragonal unit 
cell. This is because the capped POMo anions are bonded to cobalt atoms with covalent 
bonds, while the counter cation, K, is located between POMos along the c axis to stabilize 
the overall structure through charge neutralization. The Rb-containing phosphomolybdate 
based compound synthesized via electrocrystallization is different than the K-containing 
compound, which has a 3-dimensional linkage through a dimeric oxo-cobalt unit resulting 
in a cubic lattice. The additional Rb atoms are also located in intersticial space to stabilize 
the overall structure with respect to charge balancing. It should be noted that the 
electrochemically grown Rb-containing compound possesses the same dimeric oxo-cobalt 
linker POM−Co2−POM extending along the c axis of the unit cell but the K-containing 
compound contains POM−K−POM instead due to the less reduced POM anion. The reflux-
grown Rb-containing compound adopts a cubic structure as well, however. This is because 
it contains fully oxidized POMo anions which results in a cubic structure with symmetry 
related POMo−Rb−POMo linages in all three directions. This confirms the assertion of A-
site cation tunability for this type of POM-containing framework, an added variable for 
“designing” special frameworks of functional architecture in our future synthesis. The 
successful substitution of Zn2+ for Co2+ in the exploratory synthesis is encouraging showing 
the flexibility of the POM−M2−POM framework. However, due to the complexity in 
chemical and electrochemical properties of electrolytes, no successful crystal growth 
incorporating other 3d divalent transition metal cations was had. Nevertheless, the 
isostructural Zn-containing compound also exhibits an oxo-zinc dimeric moiety to link 
POMo clusters. By the same token, exploration of the replacement of anions was performed 
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using POW to replace POMo anions. The crystal growth of POW-based compound was 
obtained successfully, however, the crystal size was too small to be measured using SXRD. 
Hence, the crystal structure of this POW-based compound was solved using high-
resolution powder XRD data and GSAS refinement program. The structure of the synthetic 
POW-based compound is the same as that of the above mentioned Rb-POMo-Zn phase but 
with a different reduced state of POM anions. Apart from K+ and Rb+ alkali metal ions, 
attempts to incorporate Cs+ ions were also carried out for crystal growth; however, the 
reactions failed because the Cs+ ion reacts with POMo and POW anions to form 
precipitation immediately. The TGA-DSC curves obtained in N2 gas reveal the extended 
thermal stability where the POMo cluster in two title phosphomolybdate compounds stays 
intact while the compounds start losing water at 50 oC, the overall crystal structures, 
according to temperature-dependent PXRD, are destroyed once all water molecules are lost 
at 300 oC. The weight loss of both compounds stops at 250 oC and the recrystallization of 
molybdenum and cobalt oxides take place in the range of 400-500 oC. As a comparison, 
the TGA-DSC curves obtained in air flow show oxidative decomposition accompanied 
with a weight gain at around 325 oC, which confirms the electronic reduction of POMo 
anions. The XPS analyses also confirmed that POMo anions are reduced due to applied 
external potential for electrocrystallization. The integrated peak intensities give rise to a 
comparable stoichiometric ratio of MoVI/MoV ions with that derived from structural 
formula. The conductivity properties of the two title compounds were explored via direct 
current I-V test, the results reveal that the conductivities of both pristine compounds are in 
the order of 10-5 S/cm. In order to investigate the origin of conductivity, the testing samples 
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were dried in vacuum and heated up separately for dehydration. The I-V measurements of 
both treated samples reveal that the conductivities of either K-containing or Rb-containing 
phosphomolybdate based compounds are caused by the movement of alkali metal ions as 
well as protons of embedded water molecules. Also, the 2D sheet-like structure of the K-
containing phosphomolybdate based compound is less prone to collapse upon dehydration 
and thus retaining its ionic conductivity. But the 3D cage-like structure of the Rb-
containing phosphomolybdate based compound is seemingly more unstable once all 
embedded water molecules are gone, which creates a significant drop in conductivity. 
One of the apparent factors for successful electrochemical synthesis is the applied 
voltage. Although the redox potential is fairly complex in multiple electroactive electrolyte 
systems, a suitable value of applied potential could be initially selected by visualizing 
method. This is due in part to the POM anions color change upon reduction. Thus, one 
could scan the applied voltage until the solution begins to change color around cathode 
where the reduction of POM anion takes place. Also, theoretical analysis using half-cell 
reduction potentials may help us rationalize and then determine the window of 
electrocrystallization with respect to the selection of transition metal cations as a linker. 
This approach has been applied to the electrocrystallization in Preyssler system and a new 
compound containing pentagonal oxo-cobalt ring interconnects neighboring Preyssler 
anions has been seen. New studies are underway for the exploratory synthesis of compound 
series as well as property measurements of resulting solids. 
After the realization that electrocrystallization is an effective method to obtain POM-
containing materials with 2D or 3D structures at room temperature, decavanadate anion 
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(V10O286-) became the next POM system that was explored because of its potential for 
lithium-ion battery materials as well as an electrolyte. In Chapter 4, two new compounds 
containing mixed-valent decavanadate anions crystallized from aqueous solutions were 
presented. The first inorganic compound has the chemical formula of 
Cs4[Cu(OH)(H2O)3]8(H6V6IVV4VO28)(V10VO28), which consists of decavanadate clusters 
tethered on oxo-copper chains. There are two types of decavanadate anions in the structure 
with respect to the respective oxidation state, one is fully oxidized and another one is 
partially reduced according to the BVS calculations and XPS analysis. The reduced 
decavanadate anions were disordered according to its SXRD refinement data. The Raman 
spectrum also indicates the presence of order/disorder decavanadate anions as the 
disordered V-O-V asymmetric peak shows up. Cesium ions act as counter cations to link 
decavanadate clusters along the a direction. It is interesting that oxo-copper atoms form 
chains tethering decavanadate clusters along the a direction as well. The TGA-DSC curve 
show that the structure of the new compound remains intact at 150 oC where dehydration 
begins. This temperature is higher than 60 oC, the decomposition temperature of pristine 
sodium decavanadate salt. The crystallinity of the compound is lost at 200 oC and 
recrystallization takes place in the range of 300-500 oC. The FT-IR spectrum also indicates 
the presence of water molecules and hydroxyl group. SEM-EDS technique was applied and 
demonstrated that the proposed chemical formula of the compound is reasonable. A 
competitive reaction regarding the formation of hydrated transition-metal cations occurs at 
the room temperature. As we did in Chapter 3, we tried to substitute copper with other 
transition metal ions such as manganese, cobalt, nickel, and zinc. Unfortunately, those 
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transition metal ions did not form chain structures like copper did, but only formed metal 
hexahydrates resulting in a known compound series with fully oxidized decavanadate 
anions, K2[M(H2O)6]V10O28∙4H2O (M = Co, Ni, or Zn). For the second compound 
presented in chapter 4, an electrochemically inert, water-soluble organic ligand, 
triethanolamine (TEA), was employed in the reaction. The obtained crystalline product has 
the chemical formula of K2[Cu(H2O)(C6H15NO3)]2(H2V8VV2IVO28)∙2H2O, which is made 
up of electronically reduced decavanadate anions, where the copper cation is chelated by a 
TEA molecule to form a second building unit (SBU) along with potassium counter cations 
to form a non-tethered decavanadate structure. The TEA molecule, a tetradentate ligand, 
chelates copper cation through three O-Cu and one N-Cu bonds resulting in a trigonal 
bipyramidal SBU with a water molecule occupying the axial position opposite the nitrogen 
ligand of TEA. Some other 3d transition metals such as Co, Ni, Zn, Mn were also tried for 
the synthesis, unfortunately,  no crystal growth took place.  The decavanadate anions 
interact with the copper-TEA SBU through hydrogen bonds. Nevertheless, it is apparent 
that when the reaction temperature is low,  more control over framework formation by 
design is had. New competitive reactions regarding the formation of coordination 
complexes play a major role in hindering the formation of extended solids. It would be 
interesting to see if a new solvent system can be designed to deter the complex formation 
and in turn yield synthesis of interlinked functional architectures as presented in Chapter 
3. 
Once again, the new hybrid compound exhibits enhanced thermal stability until 150 oC 
according to TGA-DSC analysis. Decomposition of the organic moieties and dehydration 
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processes occur simultaneously, according to the investigation of PXRD and FT-IR of the 
residues of heated products. Before 190 oC, the evidence showed that besides dehydration, 
the TEA molecule decomposed via losing an ethylene oxide molecule. In the absence of 
strong linkage between SBU and [V10O28] unit, we speculate the decomposition of TEA 
may have salvaged the thermal stability of decavanadate cluster. Further examination of 
potential formation of extended hybrid lattice should be performed, such as other families 
of tetradentate ligands, such as Corrin, a planar molecule, to form POV−M(Corrin)−POV 
linkages where the chelated M2+ cation can be linked to decavanadate anion through its 
fifth and sixth coordination sites. 
XPS analysis was performed to confirm the oxidation state of vanadium of 
decavanadate anions. The resulting XPS spectra demonstrated that vanadium atoms are 
partially reduced due to the electrochemical method applied. In order to further probe 
reduction of the decavanadate anions, a comparison between the UV-Vis spectra of hybrid 
compound and pristine sodium decavanadate salt was carried out. A distinct curve shows 
up in the range of 1.0-2.25 eV, which indicates the d-d transition of V4+. 
To expand the utility of electrochemical crystal growth, we performed a feasibility 
study on inorganic-organic hybrid systems in which there are three new hybrid compounds 
whose structures and properties are presented in Chapter 5. These compounds were 
synthesized based on the experiences from the research work presented in the last chapter. 
In order to synthesize polyoxometalate-organic-frameworks (POMOF) materials via 
electrocrystallization, 4,5-diazafluoren-9-one (dafone) was dissolved in a mixed solvent 
which is made up of water and tetrahydrofuran (THF). We anticipated the formation of 
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POM−M(org)n−POM and, due to the presence of conjugated molecules, 
POM−org−org−POM linkages via − stacking. Three new compounds were presented, 
whose chemical formulae are [CuI(dafone)2]3VIVV9VO28∙5.25H2O (1), 
(dafone)2[CuI(dafone)2]2(H4V10O28)⋅3H2O (2) and 
[CuI(dafone)2]2[CuII(H2O)5]2V10O28∙6.5H2O (3). We noticed that the stoichiometric ratio 
among starting materials has a significant impact on the composition of the final products, 
which could be attributed to the differing ionic strengths in the precursor solutions. The 
compound 1 possesses reduced decavanadate clusters bonding with copper-dafone 
moieties via its bridged oxygen atoms with V-O single bonds. In addition, each copper 
atom bonds to two dafone molecules via Cu-N in square pyramidal geometry. It should be 
noted that there are some independent dafone molecules present in the structure, which 
interact with other dafone molecules via π-π stacking. The copper-dafone moiety in 
compound 2 is different, which consists of two copper atoms bonding with four dafone 
molecules with tetrahedral geometry. The copper-dafone moieties are not bound to any 
decavanadate cluster but interact via hydrogen binding and π-π stacking. The compound 3 
possesses copper pentahydrate capped decavanadate anions along the b direction. The 
copper-dafone moieties are linearly arranged along the a direction. The composition 
dependence offers some insight in future design of functional architectures of POMOFs. 
The XPS analyses for these three compounds verified the oxidation states of decavanadate 
anions as well as that of the copper atoms. It is interesting that copper atoms which bond 
to dafone molecules are reduced to a monovalent state but the copper capping on 
decavanadate anions in compound 3 are still divalent. The reduction of decavanadate anion 
242 
 
just takes place on the compound 1, the compound 2 & 3 are still fully oxidized and 
protonated decavanadate anions. The TGA-DSC curves exhibit that the dehydration and 
decomposition processes of the three compounds are all beyond the thermal decomposition 
point of a free decavanadate cluster, and compound 3 has a fairly different thermal stability 
compared to the other two compounds.    
     
Future directions 
Based on the research work presented in chapter 3, some in-depth investigations of 
electrocrystallization mechanism should be performed for scale-up synthesis. We tried to 
establish crystal growth by using platinum and glassy carbon wires which are inert and 
with small work functions as most researchers applied for electrocrystallizations according 
to prior2 literature report. However, we did not obtain any growth by employing Pt 
electrodes. So, due to the richness of electrochemical crystal growth, I would suggest 
studying the role silver wires play in the process of electrocrystallization of POMo-based 
materials. Also, a layer of AgCl was found on the silver anode wire, which suggests that 
when the overall reaction stops. Or else, as we assumed thus far, the reaction may still be 
running after the anode was completely covered by AgCl. Since electrocrystallization of 
phosphomolybdate based materials only resulted in crystal growth when using cobalt and 
zinc, an investigation into why the other similar transition metal ions did not work in this 
reaction system is necessary and in turn a solution to incorporate different forms of 
respective transition metal ions should be pursued. A phenomenon which is easily 
overlooked is the fairly different yields of K-containing and Rb-containing 
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phosphomolybdate based compounds, which may be differed by the cation effect regarding 
the size difference between potassium and rubidium cations. The hydration sphere of 
smaller cation, K+ in this case, may be larger due to higher charge density, the diffusion of 
potassium cation to a close proximity necessary for nucleation process to occur may be less 
favorable. Apart from the transition metals, an isostructural POM anion, phosphotungstate, 
did not work for the reaction system as well when using cobalt as the dimeric oxo-transition 
metal moiety. Although phosphomolybdate and phosphotungstate anions are very similar, 
there are still a lot of difference on respective electrochemical properties to be studied. 
Another type of POM, Preyssler anion, has been preliminarily investigated at the end of 
my study. The water-soluble Preyssler-containing salt was first prepared via hydrothermal 
method and the electrocrystallization is being subsequently studied. Further, the materials 
application of the compounds presented throughout the dissertation has only been 
investigated a little. The conductivity, for example, presented in chapter 3, needs to be 
further explored with respect to its origin in terms of electronic verses ionic conductivity, 
and in turn a structure-property correlation study for continued research in design of 
functional architectures of new materials should be performed. Moreover, as the synthetic 
compounds may be good candidates for lithium-ion battery electrode materials, 
measurements like electrochemical impedance spectroscopy (EIS), cyclic charge and 
discharge test should be carried out when bulk materials become available. It is also 
interesting that α-Keggin anions have been used for enhancing the capacity of lithium–
oxygen batteries as redox mediators due to its high stability. So, finding a solvent to 
dissolve the synthetic α-Keggin based compounds for application as redox mediators 
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would be an attractive objective for future work. Since silver wire plays an important role 
in the process of electrocrystallization in this reaction system, instinctively, determining if 
any other materials could be used for electrocrystallization other than platinum and silver 
is a natural next step in the aim of scale-up synthesis.  
Based on the scattered success in the synthesis of inorganic-organic hybrid materials 
presented in Chapters 4 and 5, further studies regarding the electrocrystallization of 
decavanadate-based POMOF materials should be in order. The feature shown by the 
decavanadate-based all inorganic compound 
Cs4[Cu(OH)(H2O)3]8(H6V6IVV4VO28)(V10VO28) in Chapter 4 is encouraging with respect to 
building the covalent pathways for potential conductivity of resulting extended solids. 
While decavanadate-based POMOFs may be good candidates for gas absorption and 
battery applications due to the formation of a channel structure, learning how to master the 
competitive reactions to entice the crystal design of desired architecture is in order. This 
could include the study of coordination chemistry between linker cation and organic 
molecules with respect to the chelating geometry and multidentate property of complex 
SBUs. Decavanadate-based materials have demonstrated that, as mentioned above, they 
are potential materials for lithium-ion and sodium-ion batteries. The aim in this line of 
work should be focused on chemistry that leads to the formation of conducting POMOFs 
and property measurements for structure-property correlation studies. 
As to POMOF materials, the first direction is to explore more multidentate organic 
ligands to allow a preferred coordination of SBU with POM clusters via 
electrocrystallization. As the crystal structures shown in chapters 4&5, the synthetic 
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POMOF materials are bonded through hydrogen bonds as well as π-π stacking. Some 
literatures have demonstrated that materials with π-π stacking of conjugated organic 
molecules exhibit good conductivity performance, we should consider employing the 
respective organic linkers to synthesize conductive POMOF materials. Also, the dafone-
based POMOF materials are obtained with a number of by-products, how to improve the 
purity and yield of dominated products would be another challenge for future work.   
Naturally, a precise determination of the proton locations and, for obvious reasons, 
compositions in crystal structure is a necessary follow-up step. In the process of solving 
the structures of the Sabove synthetic compounds, the assignment of protons was based on 
BVS calculations which can be used to establish an initial model for structure 
determination by neutron diffraction. Further, solid-state H-NMR and single-crystal 
neutron diffraction could be applied in resolving this issue. 
Running a reaction for electrocrystallization in non-aqueous solution that could further 
enhance the thermal stability of results solids would be beneficial for our continued 
synthesis of POMOFs. Due to using non-aqueous solution for electrocrystallization, the 
loading voltage and electrolysis salt will be very different to the reactions running in 
aqueous or mixed-solvent solution presented in this dissertation. We anticipate a wider 
electropotential window would result thus the further reduction of POM anions. Also, some 
organic compounds are only reactive in the form of free radicals at high temperature or 
high pressure (> 120 oC, 20-40 kpsi),3, 4 so designing reaction equipment for high-
temperature and pressure electrocrystallization would be an eventual challenge.  
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Finally, the research work in this dissertation may not be the synthetic method for all, 
it offers a complementary means for advanced materials synthesis. When new materials 
are made, our new knowledge in structure and bonding can thus grow. Further, materials 
prepared under different driving force may present special geometry and composition of 
technological importance. We anticipate the expansion of POM-based materials to result 
due to the application of electrochemical crystal growth at room temperature. 
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